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ŭƨǕァœäCK:Jœƴɒ˙Dœƴʇ˙J¥x*ア%1D)Z¼̗ˍG Pencil Beam 
Algorithm (PBA)*ƹ_]B%\4)4̲łǡ̊ǡʶCK:Jœƴɒ˙*ʘ+-グÕ6\1D*
ǂˌ3]B%\¼がœƴɒ˙Gば]< Full Monte Carlo (FMC)きKこʘFœƴǓĎ`み4˶ȧ
ˍGェȒCƹΈ3]\ǕァœäOJˎΈKƕ˴C$\:1Cœƴɒ˙`ƀȣ38˩ǓGœƴʇ˙
`ƀȣ38\がき*ĭVZ]B%\1Jて̩`Ǣŭ6\ǬʨD4BSimplified Monte Carlo (SMC)
き*í２3]<SMC きKŰ0JΙƿ`˄ɛ6\¥k¡£きJ˯ʼ`ǒ@<V̲ łǡ̊ǡ
ʶC PBA きY[WɏõFœƴ*Ú˿C$[FMC きD̞PBœƴ*ƊʇGC+\さŢįJてˍ
KƏる*aŢįz¥}1˝̭ÂCí２ʶJxm¥pȘǤきJǕァœäG SMC き`ˎΈ4
ȽʑJY&F̲łǡ̊ǡʶCJɨィ̶͂œƴɒ˙`ƀȣ38\1DG$\ 
 SMC きJœƴɒ˙J̫Ø`̲ łǡb¥ʶCJɨィ̶͂` FMC き`Έ%<ȦƌD̞÷6
\1DCƇ%SMC きD FMC きJœƴ¡J¸%`ͭZ)G4<4)4:JY&FƤ)%
¸%*$\GWď_Z7̲łǡb¥ʶJɨィ̶͂KǢΈˍFŸƛ̘±˳Cア-¼ʮ4˩
ǓG FMC きD̞PBの 900 ̉ƊʇGœƴÚ˿C$?< 
 ã0Kxm¥pȘǤきJǕァœäJɨィ̶͂œƴG SMC き`ˎΈ4BɨィœƴJɒ˙`
ƀȣ38\1D`ˊ¬4:Jí２`Ƈ?<ェȒĈĹC SMC き`ΒΈ6\1DJば¯ɌJŠȟ
J<VSMC きD PBA きDJǕァœäřÜJ̞÷`Ƈ?<ʑ˳̲łǡJʘ+FʒȡCKんǦJ
ɨィ̶͂Gʘ+Fƛ´*ŤZ]PBA き`1JY&FʒȡGˎΈ6\1DJとʚ˔*ͭZ)GF?
<ã0KS<1JY&FʒȡG SMC き`ƹ'LY[ǢƦˍCƠˎFǕァœä*Ú˿C$\1















 Ɉìうŝěď(World Health Organization: WHO)GY]LǇくũÀJʙ9¯**aC$[˶さC
WǇくũÀJʶC*aGY[Ǉく6\ȽJɆK˼0ɿÙ4B%\ˡœGY]L˶さCK*aG
Y[Ǉく6\ȽJɆK1980˼GKの 16すȽ(161,764Ƚ)C$?<*1990˼GKの 22すȽ(217,413


























































 むƿɨK1954 ˼G͈ƏJ£1¢¥x1o¢1ƏるŢįȉ(Lawrence Berkeley National 
Laboratory: LBL)CJȈJェȒÐΈ*Ƈ_]1957 ˼SCG 30 だJąǦGǕァ*Ƈ_]<S<˶
さCW 1979 ˼GかǤɨ¹úɺƌŢįȉ(か¹Ţ)* 70 MeV むƿɨCJ̪ƨɌǠąJǕァ`íƽ­
も1984 ˼SCG 29 だJǕァ`Ƈ?<「́ʘúKƊh¡n1ÙʇĕŢįěƅ(KEK)J̷ʬ
˳G1x}1v¥o££¥J¹úΒΈǄɞ`Şɞ41983 ˼)Zǹ͂F̢ˋ`ǒ@ 250MeV む








(Fermi National Accelerator Laboratory: FNAL)*¹ァɥΈGí２4<ȐōCǩǱʄōJ 250 MeV むƿ
v¥o££¥`͈ƏJ£ ¥~ʘúdk¡z¥}1(Loma Linda University Medical Center: 
LLUMC)*˪˸4BɈìȈJ̭ÂɞʭōむƿɨǕァǄɞ*Þ˧4<11CKXK[ɈìȈJ
è˓ȘǤɻʭ*í２3]ƹ_]<1]`ěG˶さCW 1998 ˼GKƏる*aŢįz¥}1˝̭
Â(National Cancer Center Hospital East: NCCHE)2001 ˼GK「́ʘúむƿɨ¹úΒΈŢįz¥}1
FEJむƿɨǕァɥΈǄɞCǕァ*íƽ3]<:4B2015 ˼ 12 śSCGʣɱɨ`Έ%<Ǖァ
`đV\DɈìJ 56 Ǆɞ (˶さC 13 Ǆɞ)CǢǄ3]3ZGʍ-JǄɞ*Şɞʶ$\%Kœäʶ
C$\˯G 2000 ˼`â,<Ɠ)ZJǄɞɆJɿÙ*ŦʺC$\ 
 
1.2 ȘǤにŎɍき[4][5] 
 Ùʇĕ)ZǾΣ3]<むƿɨKɆ mm )Z 1 cm ˋ˙JƤ3CQRh¡n1*σ?<1
C$\¼がCǮゼK΅0Fʘ+3XŎȪ`ǒ>ʊƨ6\ȦȉW΅0C$\:J<V1J
Ƥ%1`òʘ4ǮゼŎȪGƌʮ4<ɨィ̶͂`Ŏɍ6\1D*̧みC$\˩ǓGǮゼǲ




















































































JǕァœäCKǪG¥v¡1き(Pencil beam algorithm: PBA)[12]D%&ɨィœƴき*ƹ_]








Ę@)Jt1k1¡G͂þ4œƴ6\§ǭJ PBA きWí２3]<[13][14] 
 ̲łǡ̊ǡʶCƊɒ˙Jɨィ̶͂œƴ`Ƈ&<VGEANT4 FEJ Full Monte Carlo(FMC)r1
*ΒΈ3]\1D*$\[15]FMC きKǢŧ1}GĖA%<́よ¡GY[Ű0JΙƿJģ
ɛ`́よâˋGǺ?B˄ɛ6\<VƠWȯΎC+\ɨィœƴřÜ*˭Z]\WJD4BĚʔ3]







̶œƴ*Ƈ'\ǬきJ¼@D4Bċ³¥k¡£(Simplified Monte Carlo: SMC)き*$\[19][20]
SMC きKFMC きD˩΅G¼@¼@JむƿJģɛ`õりˍGœƴ6\1DC PBA きY[WƊɒ˙
















6\̺¯CK1.4 ɟCȀP<Y&G PBA きJœƴɒ˙*ˆÔ6\1D*ş˽3]\:JY&F
̅Ő)ZPBA きD̞PBƊɒ˙ɨィ̶͂œƴ*Ƈ'\ SMC き*£11きJǕァœäɻ
ʭGǢɻ3]<[21][22]:4BȽʑ`つĥ4<b¥`Έ%< SMC きJœƴɒ˙ŠȟGY[
ʅˈřÜ`Ɗɒ˙GƟŭC+\1D*Ǘ3]ェȒΒΈOJͼΈɌ*Ǘƙ3]<¼がNCCHE C






£11きJǕァœäO SMC き*Ǣɻ3]<˞ȈǢƦJェȒșカCK PBA き* 2~3 ͂G
   
ʒ4BSMC きCKɆǹ͂))\œƴǓĎJとʚ˔*$?< [23]ɨィ̶͂œƴK1]SC
CPU(Central Processing Unit)`Έ%BƇ_]B+<2004 ˼あ[)Z£zt˳̺J́よˍƅ：
GY[o£oɆJȣȕK˦ʏ>GF[:JŶrcɆ`ɿX61DC˼0͇クÕ*ȻaC+B%
\*ŭƨCW CPU JrcɆKɆŰ2ǹɆŰC$\:]Gʒ4BGPU(Graphic Processing Unit)
CKɆ̨Ű2ɆɣŰD̡ȧGʍ-Jrc`ɘaC%\:J<VCPU D̞PBœƴǓĎJƊʇÕ
*Ěʔ3]GPU `ΒΈ4Bɨィœƴ`Ƈ&1D*ɈìˍGɘŁˍGƇ_]B%\[24][25]ŭƨ
NCCHE CK GPU `Έ%< SMC きJ£11きJǕァœäKPBA きD˩ˋ˙JœƴǓĎ
`ʝɍ4B%\:J<VさŢįCKGPU `Έ%B SMC きJxm¥pȘǤきǕァœä`Ƈ
&1DCœƴǓĎJ（ǽ`てǂ6 
 さŢįJƠǵて̩`ʝɍ6\<VG­ÔJ˵@`Ƈ%さゴ̈́CK:]ZJ˳΂`͔Ǝ6\ 
1. SMC きJœƴɒ˙`ͭZ)G6\<V̲łǡb¥˳CJ SMC き`Έ%Bœƴ4<
1k1¡Jɨィ̶͂`FMC き`Έ%<ȦƌD̞÷4B̫Ø4< 










































`ɑTǾ4ƤぎôJ DNA Ɲ`ɜʧ6\みÀGF\ 
 1J́ǡʶCJh¡n1ʋǞJよゴˍFœƴきK1930 ˼Ȉ˦G Bethe D Bloch GY?B˪Ǿ
3]<むƿ*˅â6\́ǡJʠ¯そ˙ˁ3ρ ∙ %&	 g cm2  (ʠ¯そ˙ˁ3DKˁ3&	 cm Gǡィ
そ˙(	 g cm3 `)/<ʠ¯)˞<[GʋǞ6\h¡n1J͆łʪ%)	 MeV Kǡィɳǆ˿D4Bˈ
ħ3]­ÔJ Bethe-Bloch JǛCぶ'Z]\ǡィɳǆ˿`Έ%\1DC́ǡJɸG°ZF%
ũƿJƅ：(͆łej¥Õ¥v¡)J¸%GY\żÜ`̪っÕ6\1D*Ú˿C$\ 
− +,-∙+. = 012345676 ln 89: ; − <=     (Eq. 2-1) >? = @AB ;B CD= ≈ 0.150 ;B	 cm2 g    (Eq. 2-2) I3 = =345676JK76 	 MeV     (Eq. 2-3) 
11CLDM= ≈ 0.511	MeVK˖ƿJɕǆh¡n1< = N MKむƿJʇ˙NDȷňʶJźʇMJ̞O P Kũƿ̛ƋPJ́ǡJ͆łej¥Õ¥v¡ MeV AB = 6.02214086×10=V	 molKJ Kc
l£ˈɆCD = "= 4@WXLDM= = 2.8179403267×10KJ\	 m Kűː˖ƿ５ŏ]ḰǡJũƿィ
g mol C$\S<I3KǙͽ˖ƿDJ¼èJȞ˱Cむƿ*˖ƿGぶ'\Ơʘh¡n1C$\ 
 ˸Ǥh¡n1)initialJむƿɨJ͆ł̢ˋ^ )initial K́ ǡG˸Ǥ4<むƿ*Ǚͽ˖ƿDJȞ˱G
  
Y[ǡィɳǆ˿JǛGǺ?Bh¡n1`Ǟ%ĀZ)Gūʇ3]\D%&ケʉūʇńǏ(continuous 
slowing down approximation)`Έ%BEq. 2-1 `ɘ͂6\1DCĭVZ]\ 
^ )initial = ^ )final + − +,-∙+. KJ,final,initial %)	 g cm2    (Eq. 2-4) 
11C)finalK Bethe-Bloch JǛ*ɍ[る@ƠȐh¡n1`̪6()final = 0C$]LEq. 2-1 *２Ƴ
6\)1JY&G6\よͽKBethe-Bloch JǛGKむƿJh¡n1Gď4BˎΈůì*$[
むƿJh¡n1*ũƿʶJ˖ƿJʇ˙D˩ˋ˙GF\Dɍ[る<F-F\)ZC$\)finalK
˅ȧ 100 keV~9MeV Dǫ\)finalJh¡n1`ǒ@むƿɨJ̢ˋ^ )final K1Jh¡n1̘













っɘKȐ3-ɯむƿJ 98%K Gauss ̶͂GđS]\<VɨィœƴG(%BKʍ-JȦƌ Gauss
̶͂ńǏ*ƹΈ3]\1JńǏ̶͂`ぶ'\ǛD4BHighland Jċ³Ǜ[28-30]*Y-Έ%Z]
\6F_>$\ž3hJ́ǡ`˅â4<ǓJむƿJƳΐJǤÆöJƗ˵Ȥ͆łʪ iX= K­




Mr-hっ˳JE>ZJǤÆöW Eq.2-5 C̪3]\˩5 rms ʪ`ͼ6\S<Eq. 2-5 ʶJsKむƿ
JÅ˨ィ MeV c < = N MK Eq. 2-1 D˩΅GむƿJʇ˙NDȷňʶJźʇMJ̞tXḰǡJか
Ǥˁ g cm2 CńǏˍG­ÔJǛCぶ'Z]\ 
  
Jlm = 4u vwB P P + 1 CD= ln 183PKyz    (Eq. 2-6) 
11Cα = "= 4@WXℏM = 1 137.036K̤Ƥƅ：ˈɆAB, CD, P, ]K:];]cl£ˈɆűː
˖ƿ５ŏ́ǡJũƿ̛ƋũƿィC$\かǤˁtXJY[ɏõFœƴK̈́š[31]˳J̪)ZƇ
&1D*C+Õƌ́XƘƌ́JȦƌƅɍŨɱJǼィɲɍ̞XñŨɱJかǤˁ)Zœƴ6\1
D*Ú˿C$\カD4Bt0,	water = 36.0823	 g cm2 , t0,	air = 36.664	 g cm2 C$\ 












7 GǗ6 s + O816 → s + O816     (Eq. 2-7) 






:JėぶKūȑ6\1J£zxJカ` Eq. 2-8 GǗ6 s + O816 → s + O∗ÑJg      (Eq. 2-8) 
11C O∗ÑJg KガĢȪʕG$\Ƶɱũƿô`̪6 O∗ÑJg K¦おé6\ 
2). ¼ǔむƿ*ũƿôDô６Ð`Ģ14˵ǔΙƿ`２ɑ38\1J£zxJカ` Eq. 2-9, Eq. 
2-10, Eq. 2-11 GǗ6 
 s + O816 → s + s + N715             (Eq. 2-9) s + O816 → s + Ö + O815             (Eq. 2-10) s + O816 → u + N713     (Eq. 2-11) 












6\Dゴ5B%\11CFMC きCœƴ4<ɂʶCJ́よâˋ͉Jȵ̺ɨィ̶͂` Fig. 2-1
GǗ6̈́š[32]Gʒ4Fig. 2-1 CKp1o¯ʭCJ¼ǔむƿJɨィ̶͂OJėぶKɯʑ









ǛCĠȀ3]\ O = OXexp −Ö ∙ Üáà5â ∙ h    (Eq. 2-12) Ö = -vwBå      (Eq. 2-13) 
11CÖK̩ˍΙƿJɆそ˙ cm-3 (K̩ˍ́ǡJǡィそ˙]êK̩ˍΙƿJǡィɆC$\Eq. 2-
12 JÃあJ exponential ƉK˸ǤΙƿ*、Ƈķら z J¯ʭCô６Ð`Ģ13F%ΙƿJþƌ*Ũ
  
J×þGF\)̪4<WJC$[:J、Ƈķら z J͆łʪ*ô６ÐJ６ÐˁλC$\Y?BΙ
ƿɆ*ŨJ˸ǤΙƿJ1 " (の 37%)GF\ˁ3λ	 cm KEq. 2-13 Y[­ÔJǛC̪3]\ λ = Jíìîïñ∙á = Båíìîïñ∙-∙vw   (Eq. 2-14) 
¼ǔむƿ*ũƿôDȞ˱4˵ǔΙƿ`２ɑ38\̡ʦɌƳΐJɯʧっɘÜáà5âJðƴʪK˸ ǤΙƿ
JǡィɆ]ó`Έ%B­ÔJńǏǛCĠȀ3]\[33] Üáà5â = 78 ]óz + ]êz − 1.25 =×10K=ò	 cm2   (Eq. 2-15) 
˸ǤΙƿ`むƿ(]ó = 1)̩ˍΙƿ`ɂ͂ƿʶJƵɱũƿô(]ê = 16)D4<ǓÜáà5â = 4.02×10K=\	cm2λ = 66.1	cmDF\11CλJʪG@%BKɂʶCJ¼ǔむƿJΙƿɆJūɃJʅ
ˈ)Zλ3Dôö = 83.6	cmD%&ʪ*ĭVZ]B%\1Jʪ`Έ%Bɂʶƶ̢ˋ^ = ^ÑX (p








































3Gćƴ6\ɂ˟Øž¡Jð˽` Fig. 3-1 GǗ6h
¡n1)õJむƿɨ*Ę×úˍˁ3ú3J́ǡ`˅âŶGh
¡n1ʋǞ )ù − )õ `Ģ14<D6\1Jh¡n1ʋǞィD˩ィJʋǞ`Ģ16ɂJĘ×ú
ˍˁ3úûKǔǛJY&GȊ-1D*Ǿも\ úû = ú3 -9-ü †9†ü    (Eq. 3-1) 
11C(3, (ûḰǡDɂJǡィそ˙ g cm3 °3, °ûḰǡDɂJǡィɳǆ˿C$\:4Bú3
DúûJ̞úû ú3`:J́ǡJɂ˟Øž̞(Water Equivalent Length Ratio: WELR)DŮ%ǔǛJY&G
̪6ɂ˟Øž̞Kɳǆ˿̞Gƌʮ6\ WELR = -9-ü †9†ü    (Eq. 3-2) 
ɂ˟Øž̞`1JY&G̪ŭC+\JKǡィɳǆ˿̞*ˆh¡n1イ»`Ȏ+́ǡJTG
°ʊ4h¡n1OJ°ʊɌ*Ȑ3%DǎǢGĖA%B%\ȷμc¡fƌŅco ¡
Gʒ4Bh¡n1`ÑǝGɂ˟Øž̞`ǻǝG£4<WJ` Fig. 3-2 GǗ6ȷμJ
Ȧƌ10 MeV ­ÔJˆh¡n1イ»CK 150 MeV ńあJイ»D̞PB10%ˋ˙JˆÔ*ŤZ









Fig. 3-2 h¡n1Gʒ6\ɂ˟Øž̞J͋Õ 
 
3.1.2 ǕァœäG(/\ CT ä，JΒΈ 
 ェȒCΈ%Z]B%\ǕァœäJɨィœƴG(%BK˸ Σ1}D4BąǦʑ˳Jɂ˟Øž̞
J̶͂` X ɨ CT ä，)ZƴǾ4ĭV\̧み*$\[35]X ɨ CT ä，KʍɆJ pixel )Zƅɍ3]
B([ñ pixel GK CT ʪ*þ[˞BZ]B%\CT ʪDK́ǡJ͆łˍF X ɨīǱ｣Ɇ`６
Ç6\ʪC$[QŔǡJ˖ƿそ˙G̞カ4Hounsfield Unit [HU]D%&ʠ¯C̪3]\¼が
むƿɨJ̢ˋK˖ƿそ˙(AB P ]G̞カ6\=/CF-͆łej¥Õ¥v¡O P GW°ʊ
6\((: ǡィそ˙, AB: cl£ˈɆ, P: ũƿ̛Ƌ, ]: ǡィɆ)Y?BCT ʪD̢ˋJď｣K
ʠȅF̞カď｣CKF-́ǡJŨɱɲɍGW°ʊ6\:J<VǔGǗ6Y&Gʅˈ1}G
ĖA%Bƪɍ4<͋ć1¡`Έ%Bñ pixel J CT ʪ`˩5h¡n1ʋǞ`ぶ'\ɂ˟Øž
G͋ć6\Fig. 3-3 GƏる*aŢįz¥}1˝̭Â(NCCHE)CƹΈ4B%\ CT ʪ-ɂ˟Øž̞͋
ć1¡`Ǘ6NCCHE CKKanematsu Z*ˊ¬4<がき[36]`Έ%B1J͋ć1¡`
ƪɍ4B%\6F_>ɂb¥˳Gǡィそ˙XŨɱɲɍ*ęʫJ ¥Ƶɂɱ˵k fɂ
ぼÊh}1¡ňĝɂJƻ@J́ǡ`Ìˠō΂ĕGず<4CT ä，`ƭ，4ñ CT ʪ`ĭ
V͉ ŰGむƿɨ`ƹΈ4Bñ́ǡ`ず<4<΂ĕ`˅â6\むƿɨJ̢ˋʋǞ`ĭV\1DGY
[ƻ@J́ǡJɂ˟Øž̞`ĭV\:4B:]Z`ɨŎ͒Ď6\1DCCT ʪ-ɂ˟Øž̞͋
ć1¡`ǫ˭6\1JY&G X ɨ CT ä，)Zʑ˳ɲȬJɂ˟Øž̞O͋ć4<ä，`˭\
ǬʨKʘ͋ͼżC$\*˩5́ǡCWƭ，C˭Z]\ CT ʪ:JWJ*ƭ，ʒȡJʘ+3Xǲ±
Jň˫ƑFEJʊƨGY[͋Õ6\<VGCT ʪ)Zɂ˟Øž̞OJ͋ćGK±3%ˋ˙JŸƛ
*$\1D*ʫZ]B%\S<NCCHE CK CT ä，J pixel teyWCTK˦タ̺CK0.585	mm














y ǝ`D\(˅ȧx ǝ`ɂ͆がƀy ǝ`ɀ˃がƀG
D\)1˸ǤがƀJ¯ʭ z CJむƿɨJɂ͆が
ƀJ¯ɸňĎ̶͂KÑǝG1ʶȲǝ)ZJɂ





ŲMFig. 3-4 G:JðŎ`Ǘ61JʐÌ`̪ŭ6\ƇクJʒțƇク` Beam Matrix(ÜƇク)D
Ů%®D̪61]`Έ%BŰ0JΙƿJ¯ɸňĎo¡`©D6\Dむƿ｢ɯʑJ¯ɸň
Ď̶͂`ʗ̪6\¯ɸňĎʐÌK­ÔJ˵ǔŎǛC̪ŭC+\ ©™ ®KJ© = 1    (Eq. 3-3) 
11C®DΙƿJ¯ɸňĎo¡©KǔJY&Gˈħ6\ 
® = ÜJJ ÜJ=ÜJ= Ü==     (Eq. 3-4) 
© = &i.      (Eq. 3-5) 





\¯ɸňĎo¡©?K¨ (Transfer Matrix)`Έ%BǔJY&G̪61D*C+\ ©? = ¨©     (Eq. 3-6) 
1]`©G@%Bç+Eq. 3-3 Gʗ˸4BÔJǗ6âˋCœƴ`Ƈ& ¨KJ©™ ®KJ ¨KJ© = 1     ∴ ©™ ¨KJ™ ®KJ¨KJ© = 1     ∴ ©™ ¨® ¨™ KJ© = 1   (Eq. 3-7) 
11CEq. 3-7 ` Eq. 3-3 D˩΅JŎDƆ'\DTransfer Matrix ¨`˅âŶJ Beam Matrix ®?K
­ÔJǛC̪ŭ6\1D*C+\ ®? = ¨® ¨™     (Eq. 3-8) 
ǖȦJF% ňĎJȦƌ 
¨ = 1 ´0 1     (Eq. 3-9) 
C$[Eq. 3-8 Y[σƇクKǔJY&GȊ+ć'\1D*C+\11C®®?`ǔJY&Gˈħ
6\ 
® = ÜJJ,X ÜJ=,XÜJ=,X Ü==,X     (Eq. 3-10) 
®? = ÜJJ ÜJ=ÜJ= Ü==     (Eq. 3-11) ÜJJ ÜJ=ÜJ= Ü== = ÜJJ,X ÜJ=,XÜJ=,X Ü==,X + 2ÜJ=,X Ü==,XÜ==,X 0 ´ + Ü==,X 00 0 ´= (Eq. 3-12) 
 ƠŶGむƿɨ*́ǡʶCʍǼo1£¥Ƴΐ`ǯ/Bž3h=/˅â4<ȦƌJ Beam Matrix `
Ɔ'\ʍǼo1£¥ƳΐJżÜKむƿJö˙Jò*[=/CKF-¯ ʭJò*[D4BWŭ]
́ǡ*ž-F\QE¯ʭJò*[*」ɘ3]ぞǍǾもF%ʘ+3GF\́ǡJž3h=/˅â4
< Beam Matrix みɱKǔǛC̪3]\[37] 
Ü== h = Ü==,X + + Øm6+ökX %∞    (Eq. 3-13) 
ÜJ= h = ÜJ=,X + Ü==,Xh + h − ∞ + Øm6+ökX %∞  (Eq. 3-14) 
ÜJJ h = ÜJJ,X + 2ÜJ=,Xh + Ü==,Xh= + h − ∞ = + Øm6+ökX %∞ (Eq. 3-15) 
11CÜJJ,X, ÜJ=,X, Ü==,XḰǡG˸Ǥ6\ƦJ Beam Matrix みɱC$\Eq. 3-13 )Z Eq. 3-15 J





Gauss ̶͂D4B:J̩ȃ͊ƛ`Ü h D6\DÜ h = ÜJJ h C$\1D)ZEq. 3-15 KǔǛ
JY&GȊ+ć'\1D*Ǿも\ 















1D*C+\1]KͼżɨŬ¡DŲL]:Jð˽ȿ` Fig. 3-5 GǗ6ce|z¥}1C
JσƇクGʒ4Bce|z¥}1Y[WȣろG´eff (< 0)=/ 6\1DCbeam matrix み




 ͼżɨŬ1}K Eq. 3-8 `Έ%\1DC˪ǾC+ͼżɨŬCJ Beam Matrix ®effKǔJY
&GȊ+ć'Z]\ ®eff = ¨® ¨™     (Eq. 3-17) ¨ = 1 ´eff0 1     (Eq. 3-18) 
Eq. 3-17 G Eq. 3-18 `ʗ˸6\D ÜJJ,eff 00 Ü==,eff = 1 ´eff0 1 ÜJJ ÜJ=ÜJ= Ü== 1 0´eff 1   (Eq. 3-19) 
 
DȊ-1D*Ǿも\1]ZJœƴ`6\DͼżɨŬ1}K­ÔJY&GˈħC+\ −´eff = íy6í66    (Eq. 3-20) Ü==,eff = Ü==    (Eq. 3-21) ÜJJ,eff = ÜJJ − íy66í66    (Eq. 3-22) 
 
 
Fig. 3-5 ͼżɨŬ¡Jð˽ȿ 
 
3.4 Pencil Beam Algorithm[12] 
 Pencil Beam Algorithm (PBA)KŭƨJむƿɨǕァœäCƠWƹΈ3]B%\ɨィœƴきC$\
ɨィœƴCKè˓l¥ 1Gųˈ4<ưǔŨƞ̩ő`Ɔ'\1Jƞ̩őK1ʶȲǝ`hがƀè˓l¥ 1Jè˓ǝがƀ`rがƀDF\Y&Gˈħ4&-	r-	hƞ̩ő*ƚǬő`ɍ6Y
&G&がƀ`ˈħ4<ƞ̩őC$\1Jƞ̩őC1ȻƇがƀJ$\¯ʭhG(%B&-r͆っ
C &X, rX G̶͂JʶȲ`ǒ@1k1¡`Ɔ'\1Jっ˳C˔ &, r, h `ʶȲD6\Ȑʑɘ
äɱ(voxel: volume element Jれ)G̳ぶ6\ɨィ% &, r, h Kʂが̶͂ďɆ≤>^DɂʶCʅˈ4<ȵ
̺ɨィ̶͂%%`Έ%BǔǛJY&G̪ŭ3]\ % &, r, h = %% ^õáõ − ^k ×≤>^ & − &X, r − rX; Ü™¥™,. &X, rX, h , Ü™¥™,µ &X, rX, h  (Eq. 3-23) 
11C^õáõKɂʶ˸ǤǓJむƿɨJɂʶƶ̢ˋ^kK˔ &X, rX, h G(/\むƿɨJɂʶƶ̢ˋÜ™¥™,. &X, rX, h , Ü™¥™,µ &X, rX, h K:];]ȵ˙hCJ&, rがƀJ1Jʂが¯ʭ̶͂J̩ȃ͊ƛC
$[Eq. 3-16 JƚあJÜ h `̪4B%\S<≤>^GK¼̗ˍG˵ǔŨ Gauss ̶͂*Έ%Z]
­ÔJǛC̪3]\ 
 




CJʍǼo1£¥ƳΐGY\ò*[Üjô™Y[ǔǛJY&Gœƴ6\1D*Ǿも\ Ü™¥™ = Üõáõ= + Ü∂†= + Üjô™=     (Eq. 3-25) 
11CÜõáõ= + Ü∂†= KͼżɨŬ¡GY[œƴ`Ƈ&S<ąǦʑ˳CJʍǼo1£¥ƳΐGY
\ò*[JœƴK1ʶȲǝȣJ˔ &X, rX, h J voxel Jɂ˟Øž̞WELRkD voxel ž∆h`Έ%
B Highland Jċ³Ǜ`ɘ͂6\1DCĭVZ]\ąǦʑ̪っ)Zɂ˟Øžȵ˙hWEL¯ʭJÜjô™K
ǔǛJY&Gœƴ`Ƈ?< 
Üjô™= = J0.J6lm,water 1 + Jn logJX kWELlm,water = hWEL − ∞ = +ö75j 6kWELX   (Eq. 3-26) hWEL = WELRk ∙k ∆h     (Eq. 3-27) 




3.5 Simplified Monte Carlo き[19-23] 
 Simplified Monte Carlo (SMC)きKŰ0J¼ǔむƿG@%B:Jģɛ`õりˍGœƴ4ñむƿ
*̳ぶ6\ɨィ`ƌƴ6\1DCɯʑJɨィ̶͂`ĭV\がきC$\¼ǔむƿKͼżɨŬC¯
ʭDö˙Jò*[`̩ȃ͊ƛGǒ@ɏğΐɆ`Έ%B２ɑ38むƿGK &, r, h, i., iµ, C J!@J
Ȩ͔`ǒ<8\&, r, hKむƿJ¯ʭi., iµKむƿJÅ˨がƀ`̪6ǤÆöC$\S<PBA き
D˩΅Gɂ˟Øž¡`Έ%Bœƴ`Ƈ&<V́ ǡʶJ̢ˋʋǞ`ɂ˟ØF̢ˋʋǞD4Bª
%CKむƿJǒ@ɂʶCJƶ̢ˋC$\ 
 ąǦʑ˳K¼あJ voxel tey*∆&, ∆r, ∆hJ˃がʑJ voxel JǷƌD4BƆ'PBA きD˩΅
Gƞ̩őKè˓l¥ 1Gųˈ4<&-	r-	hƞ̩ő`Έ%\œƴGK CT ä，J2×2 = 4 pixels
`͆łÕ4<Ȩ͔`Έ%∆& = ∆h = 2×WCTD4<S<è˓l¥ 1Jè˓ǝがƀrKąǦJ
ʑǝがƀD¼ʮ4ʑǝがƀGK CT K¼ˈžĎùCƭ，3]B%\1Jƭ，Ďù`WsliceD4B∆r = WsliceD4<NCCHE JǕァœäCΈ%Z]B%\ CT Jƭ，ĎùWsliceK˦タ̺CK3	mm
ʑĄ̺CK4	mmC$\ 














 むƿ*̿ɆJ voxel `˅â6\ĎGñ voxel CJʍǼo1£¥Ƴΐ*ォɘ6\ȐöƳΐJȦƌ
K:JƳΐJǤÆöG@%BÙきʃ*ア%ɒ˙Cɍる6\ñ voxel `˅â6\1DCぶ'Z]
\ƳΐJö˙KHighland Jċ³ǛCœƴ4<̩ȃ͊ƛÜö5ô™GǺ&ɏğΐɆ`ɑɍ6\1DCõり
ˍGŘˈ6\̩ȃ͊ƛÜö5ô™JœƴǛ` Eq. 3-28 GǗ6 Üö5ô™ = J0.J75j 1 + Jn logJX ™lm,water WELR×∆klm,water    (Eq. 3-28) 
11CúḰǡJɂ˟Øķら`̪4ʑ˳˸ǤǓJ¼ǔむƿKɂʶƶ̢ˋCõáõ`ǒ@<Vú = Cõáõ
D4<SMC きCK(n+1)xてJ¼ǔむƿJȨ͔Kn xてJȨ͔`Έ%Bœƴ`Ƈ
&SMC きJœƴð˽` Fig. 3-6 GǗ6 
 
 




ɨィ̳ぶJœƴKWELR &á, rá, há `ǒ@ voxel Gʒ4Bvoxel 1˸ǤっDǾǤっJむƿJ
ɂʶƶ̢ˋJƛ WELR &á, rá, há ×∆h )ZƴǾ3]\ɨィʪ*̳ぶ3]\DÖˈ4Bœƴ`Ƈ&
:4B(n+1)xてJ¼ǔむƿJȨ͔Kn xてJȨ͔`Έ%B­ÔJɮÕǛCœƴ6
\ &áπJ = &á + i.,á×∆h     (Eq. 3-29) ráπJ = rá + iµ,á×∆h     (Eq. 3-30) háπJ = há + ∆h     (Eq. 3-31) i.,áπJ = i.,á + NRN 0, Üö5ô™     (Eq. 3-32) iµ,áπJ = iµ,á + NRN 0, Üö5ô™     (Eq. 3-33) CáπJ = Cá − WELR &á, rá, há ×∆h    (Eq. 3-34) 
11CNRN 0, Üö5ô™ K͆łʪ 0̩ȃ͊ƛÜö5ô™JɏğΐɆ(Normal Random Number)`̪6 
 ƠŶG¥k¡£きCœƴ6\ɨィ̶͂K２ɑ38\ΙƿɆGY?BˡœˍGLZ@+ɨ
ィ̶͂Jœƴɒ˙GÆĽ6\さŢįCKǕァœäřÜJȘǤ̩ˍ(Planning Target Volume: PTV)
˳Jɨィ̶͂JˡœŸƛ*ȇがɨィJ 0.57% rms DF\Y&G２ɑ38\¼ǔむƿɆKñ1
k1¡C 106ŰD4< 
 












Z GEANT4 J¹úÐΈJ<VGPTSim (GEANT4 based Particle Therapy Simulation framework)*í
２3]<[38]さŢįCKGEANT4 version 9.6.p03 ȣGƅʯ4<ΙƿɨǕァv¢1v¥`Ƈ
&<VJ¢1¤1o PTSim `Έ%Bv¢1v¥`Ƈ?< 
 GEANT4 ˳Jh¡n1ʋǞJœƴK Bethe-Bloch JǛ[26]`Έ%Bœƴ`Ƈ?B%\*ʍǼo


























































J¼@Jc¡s y`ƢΈ6\[41]1Jc¡s yKxexJ Paul Sherrer Institute (PSI)CǢ
Ǆ3]<πʶĎƿGY\*aǕァ(1992 ˼Gʶǆ3]<)ΈGí２3]<c¡s yGĖA%B%




ィ̫Ø˔√Jœƴɨィ¡õKǔǛJY&Gˈħ6\ ¡õ = ƒ≈ ∙ %õ,≈∆≈¬J     (Eq. 4-2) 
11C«KxɆ%õ,≈Kʠ¯ĺ˙`ǒ@»̛てJ1k1¡*ɨィ̫Ø˔√G̳ぶ6\ɨ
ィʪC$\:4Bƒ≈K»̛てJ1k1¡J1fheC$[ƠˎÕœƴCĭV\P
+ィDF\Eq. 4-1 Cˈħ4<æ=K«ŰJ͋Ɇƒ≈	 » = 1, 2,⋯ ,« `ǒ@˵ǔďɆC$[ƒ≈	 » = 1, 2,⋯ ,« G@%BɊůȩŜ*F%ȦƌGK1fheƒ≈	 » = 1, 2,⋯ ,« C̤͊͂4




 À6 ûÃ = 0				 » = 1~«    (Eq. 4-3) 
 11C¼͋ɆďɆŒ & JƠȐʪ`ʲǔńǏ`Έ%Bç-がきD4BY-ʫZ]B%\ Newton
き`ȝæ6\˔ &Jńぐ˔G(/\ďɆŒ & + ∆& ` Taylor ˑí6\D∆&J˵ǔǛD4BńǏˍ
GǔǛJY&GȊ+̪8\ Œ & + ∆& ≈ Œ & + Œ? & ∙ ∆& + J= Œ?? & ∙ ∆& =  (Eq. 4-4) 
Y[ɏõG Taylor ˑí`Ƈ'L∆&Jưǔ­ȣJƉWŭ]\*∆&*Ȑ3/]L1]ZJƉKĬŕ
GȐ3-F\<VぞǍ6\Eq. 4-4 *ƠȐGF\ʪK∆&C̤͂4<WJ` 0 D(-1DCĭV
Z]1JçK∆& = −Œ? & Œ?? & C$\:J<V Ö + 1 èJ６̼ŶJç&áπJK&á`Έ%Bǔ
ǛJY&GœƴC+\ 
&áπJ = &á − ù2 .ù22 .     (Eq. 4-5) 




ʇ%1D*ʫZ]B%\1]KÖèてJ６̼ŶJńǏʪDȷʪDJŸƛ`œáD6\D Ö + 1
èてJ６̼ŶJńǏʪDȷʪJŸƛœáπJKQDaE œ  =JˈɆ̉GF\˵ǔǱʄ`6\ 
 1Jがき`«ŰJ͋Ɇ`ǒ@てˍďɆæ=GˎΈ6\˔ ƒJ,⋯ , ƒ∆ Jńぐ˔G(/\てˍďɆæ= ƒJ + ∆ƒJ,⋯ , ƒ∆ + ∆ƒ∆ J˵ǔJƉSCJ Taylor ˑíKǔǛJY&GȊ-1D*Ǿも\ æ= ƒJ + ∆ƒJ,⋯ , ƒ∆ + ∆ƒ∆ = æ= +  À6 û– ∙ ∆ƒ≈∆≈¬J + J=  6À6 û–∙ û— ∙ ∆ƒ≈ ∙ ∆ƒ“∆≈,“¬J  (Eq. 4-6) 
11C̈́ǑȣJ1K˔ ƒJ,⋯ , ƒ∆ CJʪ`̪61J˵ǔǛ`∆ƒ≈C̤͊͂4<WJ` 0 D(-
DǔǛJY&GF\ 
 À6 û– +  6À6 û–∙ û— ∙ ∆ƒ“∆“¬J = 0  (Eq. 4-7) 
¼̗ˍF«×«JzƇク” 
” =  6À6 ûy6 ⋯  6À6 ûy∙ û‘⋮ ⋱ ⋮ 6À6 û‘∙ ûy ⋯  6À6 û‘6     (Eq. 4-8) 
JÖèてJ６̼ǓJ˔ ƒJ,á,⋯ , ƒ∆,á G(/\ʪ`”áDȊ+◊æ= ◊ƒÿ`ÃあGµƉ6\1DC«Ű
JケるがˋǛD4B Eq. 4-9 JY&GȊ+˃61D*Ǿも\ ”á∆Ÿá = −∇æá=    (Eq. 4-9) 
11C∆ŸáKÖèてD Ö + 1 èてJ６̼ǓJ1fheJƛ͂o¡∇æá=KÖèてJ６̼Ǔ
Jæ=JŽ̈o¡C$[ǔǛJY&Gˈħ3]\ 
 
∆Ÿá = ∆ƒJ,á⋮∆ƒ∆,á     (Eq. 4-10) 
∇æá= =  À6 ûy,ì⋮ À6 û‘,ì     (Eq. 4-11) 
:4B1JzƇク*ɏʃCĨƇク`ǒBLƛ͂o¡∆ŸáKzƇクJĨƇク”áKJ
DŽ̈o¡∇æá=`Έ%\1DC ∆Ÿá = −”áKJ∇æá=    (Eq. 4-12) 
D̪61D*C+∆Ÿá`ĭV\1DC Ö + 1 èてJ６̼ǓJ1fheJo¡ŸáπJ 
KY[ア%ńǏʪ`ǔǛJY&G˭\1D*Ǿも\ ŸáπJ = Ÿá −”áKJ∇æá=   (Eq. 4-13) 











 W4zƇク*ɏʃFʒöƇクC$?<FZLÖèてJ６̼ǓJ˔ ƒJ,á,⋯ , ƒ∆,á G(/\ʪ
`”áK 
































 (Eq. 4-15) 
:J<VÖèてD Ö + 1 èてJ６̼ǓJ1fheJƛ͂o¡∆ŸáK Eq. 4-12 Y[ǔǛ
JY&Gœƴ6\1D*Ǿも\ 
∆Ÿá =
−  À6 ûy,ì  6À6 ûy,ì6⋮
−   6 û‘,ì  6À6 û‘,ì6
   (Eq. 4-16) 
1]` Eq. 4-13 GˎΈ6\D Ö + 1 èてJ６̼ǓJ»̛てJ1k1¡J1fheƒ≈,áπJKǔǛDF\ 
ƒ≈,áπJ = ƒ≈,á − ‹›6‹ü–,ì‹6›6‹ü–,ì6    (Eq. 4-17) 
11CEq. 4-1Eq. 4-2 Y[ 
 À6 û–,ì = −2 øõ ¿õ − ¡õ,á %õ,≈võ¬J   (Eq. 4-18) 
 6À6 û–,ì6 = 2 øõ%õ,≈=võ¬J    (Eq. 4-19) 
C$\Y?BEq. 4-17 KǔǛJY&GȊ-1D*Ǿも\ ƒ≈,áπJ = ƒ≈,á + ﬁﬂ  ﬂK‡ﬂ,ì +ﬂ,Ã·ﬂ‚y ﬁﬂ+ﬂ,Ã6·ﬂ‚y   (Eq. 4-20) 
4)4 ¿õ − ¡õ,á JƉGY[1JSSCK̸J1fhe*ŭ]\Ú˿Ɍ*$\:1C
ǔǛJY&F damping function ¡„õ,≈,á`ˈħ6\ ¡„õ,≈,á = ûÃ,ì∙+ﬂ,Ã‡ﬂ,ì     (Eq. 4-21) 
1J damping function KÖèてJ６̼ǓJɨィ̫Ø˔√Jɨィ¡õ,áGʒ6\ñ1k1¡J1



















































 ƒ≈,áπJ = ƒ≈,á + ﬁﬂ óﬂK‡ﬂ,ì +ﬂ,Ã∙‡‰ﬂ,Ã,ì·ﬂ‚y ﬁﬂ+ﬂ,Ã6·ﬂ‚y      
 = ƒ≈,á + ﬁﬂ óﬂK‡ﬂ,ì +ﬂ,Ã∙üÃ,ì∙Âﬂ,ÃÊﬂ,ì·ﬂ‚y ﬁﬂ+ﬂ,Ã6·ﬂ‚y      
 = ƒ≈,á + ƒ≈,á ∙ ﬁﬂ ÁﬂÊﬂ,ìKJ +ﬂ,Ã6·ﬂ‚y ﬁﬂ+ﬂ,Ã6 ﬂ‚y      
 = ƒ≈,á + ƒ≈,á ∙ ﬁﬂ ÁﬂÊﬂ,ì+ﬂ,Ã6·ﬂ‚y ﬁﬂ+ﬂ,Ã6·ﬂ‚y − ƒ≈,á     
 = ƒ≈,á ∙ ﬁﬂ ÁﬂÊﬂ,ì+ﬂ,Ã6·ﬂ‚y ﬁﬂ+ﬂ,Ã6·ﬂ‚y     (Eq. 4-22) 
ȣĠJǛC$]L͒ ɏbo}1KȧGɏʪ`D[1fheJȈĚʪƒ≈,X*ɏC$]LÖ + 1 èてJ６̼ŶJçW̸ʪGF\Ȳ̈*F% 
 さŢįCKƠˎÕœƴJʏ>ɜ[ȩŜ`æ=J͋Õ`ĖȃGɞˈ4<ÖèてD Ö + 1 èてJæ=
JƛJɡʒʪ*œƴJǵΜȩŜ`ぶ'\Àƿε`Ôè?<ƦGœƴ`ʏ>ɜ\œƴJǵΜȩŜ
`ぶ'\ÀƿεKǔǛJY&Gˈħ4< ε = Aê×øõ,ê× Èê×¿õ,ê = + AÍB∂×øõ,ÍB∂× ÈÍB∂×¿õ,ê = + Aj×øõ,j× Èj×¿õ,ê = (Eq. 4-23) 
11CAêK PTV Jɨィ̫Ø˔ɆAÍB∂K OAR Jɨィ̫Ø˔ɆAjK OAR `Ȏ- PTV ǲあJ
ɏȧɲȬ(peripheral region)Jɨィ̫Ø˔Ɇ`̪6S<øõ,ê, øõ,ÍB∂, øõ,jKñイ»Gɞˈ4<ɨィ̫
Ø˔JǼT¿õ,êK PTV ˳Jて̩ɨィÈê, ÈÍB∂, ÈjKȘǤ̩ˍ˳Jて̩ɨィGʒ4BǢŭÚ˿FŸ
ƛ¢¡`̪6Eq. 4-23 K¼˔˞<[Ěʔ3]\て̩ɨィ¿õDJŸƛȩŜøõ× È×¿õ =*ɨィ̫Ø
˔ɆA=/$\1D`̪4<ǛC$[æ=J͋ÕGY[œƴ`ʏ>ɜ\ȩŜGʒ4BKˎɜ=DƆ
'<S<ÈJʪK×カ)Jv¢1v¥C1}JʾɎ`Ƈ%œƴǓĎDœƴřÜ
J¥xJア)?<Èê = 0.0001, ÈÍB∂ = Èj = 0.002`ƢΈ4< 
 S<ǢェȒCJƹΈ`Ɔ'\Ʀ1fheJɊのȩŜK̸̡ʪD%&=/CKǹ͂CK
F%1]KȘǤɻʭJɌ˿C˭Z]\ƠWȐ3%1fheD1fheJ dynamic 
range *ŘS?B%\<VC$\NCCHE Jxm¥pȘǤɻʭCK1fheJ dynamic 
range Kの 100 ̉ˋ˙C$\1JY&FɊのȩŜ`Ǣŭ6\がきJ¼@D4BてˍďɆæ=G









 1ȻƇがƀGʒ4BむƿɨJ distal fall-off (1oɨィ` 100%D4<Ʀ:JŶがJɨィ
* 80%)Z 20%GÔ*\̽)D˩ˋ˙JĎù`ň/Bx`̈ʭ4ñ1k1¡J1
fhe`ƠˎÕ6\1DCŨJpk1J distal fall-off `Ɵŭ6\ SOBP `ƪɍ6\
1D*Ǿも\さŢįCƹΈ4B%\1J distal fall-off Kの 4.5 mm C$\Fig. 4-1(A)G1
ȻƇがƀG 5 mm ĎùCx`̈ʭ4BƠˎÕ4<ƦJɨィ̶͂`Ǘ6ɔȭJǢɨ*Ơˎ
ÕřÜJɨィ̶͂ñ̂ɨ*xJƪ\1k1¡C$\5 mm ĎùC̈ʭ6\1DC
¼̛ŶがJx*ƪ\1J distal fall-off `うʊ6\ SOBP `ƪɍ6\1D*Ǿも\Ǖァ
œäCKʑ˳ȵ˙`ɂ˟ØžD4Bœä`Ƈ&<VさŢįCK1ȻƇがƀJx̈ʭĎ
















 S<PTV ˳Cł¼Fɨィ̶͂`Ŏɍ38\<VGKPTV ˳̺=/CKF-îʂGWx








 むƿɨǕァJてˍKPTV GȇがɨィJ 100%Jł¼Fɨィ`ȘǤ4˩ǓG:JǲあJɏȧɲ
ȬOJɨィ̳ぶ`Ǿも\ů[ˆū6\ɨィ̶͂`Ŏɍ4ǮゼJT`ȗǞ38ɏȧɲȬJŎʕě
˿`Óʊ6\1DC$\1]`Ǣŭ6\<VGK PTV ˳̺=/CKF-ȘǤにĹì̳ńJ dose 
fall-off `Ú˿Fů[Ȑ3-6\Y&G̫Ø˔`̈ʭ4F/]LFZF%PTV ˳̺GJT̫Ø˔
`̈ʭ6\DPTV ˳CKł¼Fɨィ̶͂*ŎɍÚ˿C$\*:JǲあɲȬGʒ4BKɨィ̳ぶ
JɊů*F%<VȘǤにĹì̳ńJ dose fall-off *âʘGF?B4S&:J<VPTV ǲ±J





DGʪ`͋'F/]LFZF%PTV ˳̺Jɨィł¼ɌK¼̗G PTV ˳Jて̩ɨィ 100%J±5%­
˳Gめ'\1D*みĭ3]\<Vて̩ɨィDœƴɨィJƛ´̶͂J rms ʪK:J５ʪ 5%J1 3
ˋ˙GF\1D*Ϳɴ3]\4)4 PTV ǲ±JɏȧɲȬCK(1)ȘǤがƀ)ZŤ< PTV ɬが̺
31˸ǤがƀGʒ4B PTV JǬɬʂproximal ʂ4JɏȧɲȬGK̲Ú̠ˍGɨィ*̳ぶ3]
\(2) dose fall-off *ͼůJʘ+3`ǒ@<VȘǤにĹì̳ńJ lateral31ȻƇがƀGɀ˃F
がƀ4ĪM distal ʂ31ȻƇがƀGʒ4B PTV JŶ^ʂ4J５Æイ»GKɨィ*̳ぶ3]\










6\<VGKPTV îJɨィ̫Ø˔CJて̩ɨィDœƴɨィJƛ´̶͂J rms ʪ`$\ˋ˙Ϳʅ4
B(-̧み*$\ 
 ɨィ̫Ø˔`̈ʭ6\イ»K PTVOAROAR `Ȏ- PTV ǲあJɏȧɲȬJưイ»*$[イ
»2DGて̩ɨィDœƴɨィJƛ´ ¿õ − ¡õ J̶͂J rms ʪ*ʒÐ4B%\:]`ǢŭÚ˿Fƛ
´ÜõD6\DEq. 4-1 Cˈħ4<てˍďɆæ=KǔǛJY&GȊ+ć'Z]\ æ= = øõ ¿õ − ¡õ =võ¬J = óﬂK‡ﬂíﬂ =võ¬J    (Eq. 4-24) 
11Cøõ = 1 Üõ=C$[1JˈħJȣCKñイ»J ¿õ − ¡õ Üõ =J͆łʪKQR˩ʪΔ=DF\
:J<VPTV JてˍďɆæê=OAR JてˍďɆæÍB∂= OAR `Ȏ- PTV ǲあJɏȧɲȬJてˍď
Ɇæj=KǔǛJY&GȊ-1D*Ǿも\ æê= = óﬂK‡ﬂíﬂ,å =våõ¬J ≈ Aê ∙ Δ=    (Eq. 4-25) 
æÍB∂= = óﬂK‡ﬂíﬂ,ÌwÓ =vÌwÓõ¬J ≈ AÍB∂ ∙ Δ=   (Eq. 4-26) 
æj= = óﬂK‡ﬂíﬂ,Ô =vÔõ¬J ≈ Aj ∙ Δ=    (Eq. 4-27) 




*QRΔ=DF\<VてˍďɆæ=KǔǛJY&Gˈħ6\1D*ƌよˍC$\DƆ'Z]\ æ= = A ∙ Àå6vå ∙ ℎê + ÀÌwÓ6vÌwÓ ∙ ℎÍB∂ + ÀÔ6vÔ ∙ ℎj           
= A ∙ Òåvå ∙ óﬂK‡ﬂíﬂ,å =våõ¬J + ÒÌwÓvÌwÓ ∙ óﬂK‡ﬂíﬂ,ÌwÓ =vÌwÓõ¬J + ÒÔvÔ ∙ óﬂK‡ﬂíﬂ,Ô =vÔõ¬J     = ℎê ∙ øõ,ê ∙ ¿õ − ¡õ =våõ¬J + ℎÍB∂ ∙ øõ,ÍB∂ ∙ ¿õ − ¡õ =vÌwÓõ¬J + ℎj ∙ øõ,j ∙ ¿õ − ¡õ =vÔõ¬J   
(Eq. 4-28) 
11CA = Aê + AÍB∂ + AjC$\ℎê, ℎÍB∂, ℎjKñイ»JɸʒˍFǼみ˙1}C$\*1
]`Έ%\²せKŶQEɠͭ6\:J<Vɨィ̫Ø˔JǼTøõK­ÔJY&Gˈħ6\ øõ,ê = vvå ∙ Jíﬂ,å6     (Eq. 4-29) 
 
øõ,ÍB∂ = v ÌwÓ ∙ Jíﬂ,ÌwÓ6     (Eq. 4-30) 
øõ,j = vvÔ ∙ Jíﬂ,Ô6     (Eq. 4-31) 
1JY&Gɨィ̫Ø˔JǼTøõ`ˈǛÕ6\Dñイ»JてˍďɆKæê= ≈ æÍB∂= ≈ æj=DF\DƆ'Z
]ñイ»JÜõ`EJY&GŘˈ6\)D%&とʚGĜʵ6\ 
 PTV ˳̺JɯBJɨィ̫Ø˔CKて̩ɨィKȇがɨィJ 100%C$\<VÜõ,êKĶ΂3]\ɨィ
Ÿƛ*て̩ɨィJ×%)D%&とʚCƆ']Lア%さŢįCK PTV ˳JɨィĶ΂Ÿƛ` 100% ± 
5%DˈV:J<V rms ʪK:J1 3ˋ˙DʫZ]B%\<Vrms ʪK 1.7%D4<6F_>
PTV JてˍďɆæê=KǔǛJY&G̪ŭǾも\ æê= = vvå ∙ óﬂK‡ﬂíﬂ,å =våõ¬J         
= vvå ∙  ﬂK‡ﬂÚå∙óﬂ =våõ¬J       
= vvå∙J.ò6 ∙ 100 − ¡õ =våõ¬J    (Eq. 4-32) 
11CλêK PTV ˳Jて̩ɨィJEJˋ˙Jþƌ`Üõ,êD6\P+)`Řˈ6\1}C$[λê = 0.017D4<:J<Vøõ,ê = A Aê ∙ 1.7= C$\ 
 ǔG OAR D OAR ­îJɏȧɲȬGď4BKƆ'が*ĸ˅C$\<Vʗ̪4B OAR イ»Cɠ
ͭ`Ƈ&Üõ,ÍB∂K PTV ˳̺Jて̩ɨィ 100%Gʒ4BEJˋ˙Jɨィ̳ぶ`Ķ΂6\)D%&ǂ
̩Cぶ'Üõ,ÍB∂ = λÍB∂ ∙ 100D6\λÍB∂K PTV )ZEJˋ˙ら]<¯ʭG OAR *ʊƨ4B%\
)D%&1D)ZƆ':J rms ʪ`ɞˈ6\:J<VOAR JてˍďɆæÍB∂= KǔǛJY&G
̪ŭǾも\ 
æÍB∂= = vvÌwÓ ∙ óﬂK‡ﬂíﬂ,ÌwÓ =vÌwÓõ¬J          
= vvÌwÓ ∙ XK‡ﬂÚÌwÓ∙JXX =vÌwÓõ¬J    (Eq. 4-33) 
11COAR Jて̩ɨィK 0%C$\S<λÍB∂K˩¼J OAR ˳Jɨィ̫Ø˔CW PTV )ZJķ
らK´F\<V̫Ø˔°ʊJ1}C$\DƆ'Z]\*さŢįCK˩¼J OAR ˳CKλÍB∂KųˈʪD4ŇʑˍFʪKʙ!ȜCǗ6 
 ­ȣJY&FŘˈǂȼCñイ»Jɨィ̫Ø˔JǼT`Řˈ4<さŢįCK PTV ˳̺JǼT`
1 DˈVPTV ­îJイ»Jɨィ̫Ø˔JǼTKğóÕ4<ʪD4< øõ,ê = 1     (Eq. 4-34) øõ,ÍB∂ = ··ÌwÓ yÛÌwÓ∙ymm 6··å∙ yy.Ù6    (Eq. 4-35) 
 
øõ,j = ··Ô yÛÔ∙ymm 6··å∙ yy.Ù6     (Eq. 4-36) 
1JY&FŘˈǂȼGY[ñイ»JてˍďɆKæê= ≈ æÍB∂= ≈ æj=DF\ 
 ばɢ4BƠˎÕ`Ƈ&イ»`ɞˈ6\<Vñイ»JɸʒˍFǼみ˙1}`ℎê, ℎÍB∂, ℎj`
Έ%BてˍďɆæ=KǔǛJY&Gˈħ6\P+C$\ æ= = ℎê ∙ æê= + ℎÍB∂ ∙ æÍB∂= + ℎj ∙ æj=   (Eq. 4-37) 
¼̗ˍG PTV ˳Jɨィ̶͂`ばɢ4BƠˎÕ`Ƈ&<Vℎê = 1 D4BℎÍB∂, ℎjK 1 ­ÔJʪ`
























ʙ ȜSMC きJɨィ̶͂Jɒ˙Šȟ 
 SMC きJɨィ̶͂œƴJɒ˙ŠȟJ<VFMC きCœƴ4<1k1¡DJřÜ̞÷`Ƈ
?<S7ʠȅFɂb¥˳CJŠȟ`Ƈ%́よ¡J¸%*œƴřÜG(%BEJY&
F¸%`ɑUJ)`ʾƜ4:JũÀ`ͭZ)G4<ǔG̲ łǡ̊ǡ`Έ%<ŠȟGY[FMC
きD̞PB SMC きJœƴɒ˙*EJˋ˙C$\)ŤɘW?< 
 
5.1 œƴȩŜ 











Jɂb¥Gʒ4B1ʶȲǝ &X, rX = 0, 0 D
6\1k1¡Jv¢1v¥`Ƈ?< 
SMC きJ˸Ǥ11}JƪɍJ<VS7 FMC
きJœƴ`Ƈ?<FMC きJœƴKɂb¥ȣろ0.5	mmJ¯ʭ (h = −0.5	mm)Cö˙Jò*[`ǒ<8
7¯ʭJò*[ ÜJJ = 5.511	mm`̩ȃ͊ƛG4<ɏğ
ΐɆGY[¼ǔむƿ`２ɑ38ũƿô６ÐJœƴWđV
Bv¢1v¥`Ƈ?<FMC きJœƴřÜ)Z SMC きJ˸Ǥ11}`˪Ǿ4
FMC きCœƴ`Ƈ?<&-	r͆っCɘ͂4<ȵ̺ɨィ̶͂`SMC きJɨィ̳ぶœƴCΈ%\˸Σ




 Y[ǢƦˍFq1xCJ SMC きJœƴɒ˙ŠȟJ<VFig. 5-1 GǗ4<ɂb¥˳GƑɲ
ȬD̆ɲȬGɸ˞6\́ǡCƅɍ3]<10	×	20	×	50	mm3J˃がʑ£o`̈ʭ4<̲łǡ
b¥˳Gむƿɨ*Ŏɍ6\ SMC きD FMC きGY\ɨィ̶͂J̞÷`Ƈ?<Fig. 5-2 G:

Fig. 5-1 ƞ̩őDɂb¥ŎȪ 
 

J̲łǡb¥JƅɍDƑɲȬD̆ɲȬJ˃がʑ£oJ̈ʭ`Ǘ6Fig. 5-2(A)*r =0	mm¯ʭCJ&-	h͆っ(B)*& = 0	mm¯ʭCJr-	h͆っJƅ：`Ǘ4B%\£oJ́ǡD4
BPTSim ˳Ćǡɲɍ*ˈħ3]B%\Ƒ (( = 1.575	g∙cm-3)D̆ (( = 0.217	g∙cm-3)Gɸ˞6\
́ǡ`Έ%<FMC きJv¢1v¥CḰǡɲɍDǡィそ˙J1}`Έ%\*SMC き
CKɂ˟Øž¡`Έ%Bœƴ`Ƈ&FMC き`Έ%Bɂb¥˳G 50 mm J£o
`ɵ˸4<ȦƌDɵ˸4F%ȦƌCJɂʶƶ̢ˋ^\X (pk1J1oʪ` 100%D4<
Ǔ:JŶがJ 50%Gや><ǓJ¯ʭ)Jƛ)ZƑ̆ Jɂ˟Øž̞ WELR Jˈħ`Ƈ?<WELR
K:];]Ƒ* 1.47̆* 0.22 Dˈħ4<ɂb¥CJv¢1v¥D˩΅G1
JʶȲǝ` &X, rX = 0, 0 D6\1k1¡Jv¢1v¥` SMC きD FMC きCƇ?
<さv¢1v¥CWSMC きJɨィ̳ぶœƴCK FMC きCœƴ4<ɂʶȵ̺ɨィ̶͂`




Fig. 5-2 ƞ̩őD̲łǡb¥ŎȪ 
 
5.2 ɂb¥CJɨィ̶͂Jɒ˙ŠȟJřÜDƆƬ 
 Fig. 5-3 G1ȻƇがƀhG˃Ź6\っ˳Cɘ͂4<ɘ͂ɨィ̶͂D SMC き)Z FMC きJɘ
͂ɨィʪ`Á%<ɸʒɨィƛJ̶͂`Ǘ6ɚ˔* SMC きɔ˔* FMC き`̪4FMC きJ
1o¯ʭh = 259.5	mmCJɘ͂ɨィ` 100%GğóÕ4B%\Fig. 5-3(B)GǗ6Y&GSMC き
D FMC きJřÜKɯʑD4Bア-¼ʮ4B%\*1oŶがCK±1.0%ˋ˙Jɘ͂ɨィʪJシ
ら*õ˺Ǿも\1Jイ»K distal fall-off G$<\ȦȉC$[FMC きJœƴřÜGY]L:J






Fig. 5-3 (A)ɂb¥ʶCJȵ̺ɘ͂ɨィ̶͂D(B)SMC きD FMC きCJɸʒɘ͂ɨィƛ 
 
 Fig. 5-4 G͒ĎŸƛ*ɑ5\みÀ`ɠͭ6\
ð˽ȿ`Ǘ6:JみÀ`Ȇ`˄?Bɠͭ6
\ɔ˔J a1 )Z a4 K FMC きJœƴřÜC
$\ȵ̺ɘ͂ɨィ̶͂C$\:4B a1 *
1oɘ͂ɨィ`a2 a4K distal fall-off イ»D





K 259 mm, 260 mm, …JY&F¯ʭGʪ`ǒ@SMC きJœƴCKFMC きJt¥¡¯ʭCJ
ñ voxel G̳ぶ3]\ɘ͂ɨィK b02b4J1}`ɨŎ͒Ď6\1DCĭV:JʪKɚ˔CǗ6
c12c4JY&GF\1Jɚ˔CǗ4<WJ* FMC きJt¥¡¯ʭCJ SMC きJœƴřÜC$
[Fig. 5-3(B)K1JY&GĭV< SMC きřÜ ci)Z FMC きřÜ ai`Á%<ʪ(i KȦȉ`̪6
e¥ox)`£4<WJC$\SMC き)Z FMC きJɘ͂ɨィʪ`Á%<ɸʒɘ͂ɨ
ィƛKp1o¯ʭCK71%ˋ˙C$[distal fall-off イ»C 0.7% rms C$?<1JY
&F SMC きC̳ぶ6\ɘ͂ɨィʪ`œƴ6\ƦJ͒ĎŸƛ*ĬŽ̈C$\ distal fall-off イ»C
K±1.0%ˋ˙JɸʒɨィƛJɑa=DƆ'Z]\ 
 Fig. 5-5 Gɂb¥˳J(A)SMC き, (B)FMC きJ˟ɨィ̶͂D(C):JɸʒɨィƛJ˟ʪ̶͂
`Ǘ611CK̪ǗっDɀ˃FがƀGɨィ`ɘ͂4<WJ`̪Ǘ4B%\*11CK:]`ʠ
GɨィDŲN1DG6\Fig. 5-5(C)Y[ SMC きD FMC きJ́よ¡J¸%[28-30], [40]GY\ɨィ
̶͂J¸%*õ˺C+\¸%*Ǿ\みÀJ¼@GSMC きCKʂがɨィ̶͂JɇGėぶ6\́
 
Fig. 5-4 ͒ĎŸƛ*ɑ5\みÀ 
 
よâˋ`ǫ[˸]B%F%1D*$\Fig. 5-6 Gh = 250.5	mmDp1o¯ʭh =259.5	mmJ&がƀJʂがɨィ̶͂`Ǘ6むƿɨJʂがɨィ̶͂KʶȲńぐC Gauss ̶͂GǏ<Ŏ
Ȫ`4B%\*ʶ Ȳ)Zら]<ɇイ»CKMoliereよゴ[27][28]GY\ʘö˙Ƴΐɍ͂Xũƿô６Ð
GY[２ɑ6\˵ǔΙƿ*ėぶ6\1]ZJżÜG@%BFMC きCKɏõGǫ[˸]B%\







Fig. 5-5 (A)SMC き, (B)FMC きCœƴ4<ɂb¥ʶCJ˟ɨィ̶͂D 














<ģɛJˁ3` path length DŲN206 MeV Jむƿ
ɨCKpath length`ƆΛ4<Ȧƌ̢ˋ*͆łC 0.15 
mm ˋ˙ˁ-F\SMC きCKʍǼo1£¥ƳΐJö˙̶͂K Gauss ̶͂D4Bœƴ`Ƈ%:J
̩ȃ͊ƛÜö5ô™,	SMCK geometrical length `Έ%B Fig. 5-7(B)ʶJǛCœƴ4B%\[28-30]ʒ4BFMC
きCK:Jö˙̶͂K Gauss ̶͂CńǏ3]\ȐöƳΐJ̶͂Gʘö˙Ƴΐɍ͂GY\ɇ`Ù'





ɧ̺CKんǦJʂがOJò*[KQDaE͋_ZF%*SMC きD̞PB FMC きCK¼ǔむƿJ
ǒ@ö˙Jʘ+3*Ȑ3%<Vķら`ȻUGǺ?BʂがOJò*[G¸%*ŤZ]B-\Fig. 
5-8(B)Y[1o¯ʭh = 259.5	mmCKSMC きD̞PBの 7%ˋ˙ FMC きCKâȐGŤɘW
?B%\S<Fig. 5-8(A)Y[ FMC きJʂがɨィ̶͂Jò*[K1o¯ʭǬɬ)ZQDaE͋
Õ4B%F%1]KʍǼo1£¥Ƴΐ`ǯ/<WJJ&>ʂがOJò*[*Ȑ3%WJ* path 







 1JY&F́よ¡J¸%*$\*Fig. 5-5(C)J70	×	270	mm2Jイ»CJɸʒɨィƛJ rms
ʪK 1.0%C$[SMC きD FMC きKY-¼ʮ4B%\DŮ'\ 
 
 
Fig. 5-8 (A)ɂb¥˳CJʍǼo1£¥ƳΐGY\ʂがɨィ̶͂Jò*[, 












 Fig. 5-9 GSMC きD FMC きC̲łǡb¥ʶCJ1ȻƇがƀhG˃Ź6\っ˳Cɨィ
`ɘ͂4<̶͂D:Jɸʒɘ͂ɨィƛ`Ǘ6ɚ˔* SMC きɔ˔* FMC き`̪4FMC きJ




`˅â6\むƿ*ʶĎJ1o(h = 259.5	mm)`ƪ\1J1oK 5.2 ɟJɂb¥˳Jv
¢1v¥řÜJ1o¯ʭD˩΅JȦȉC$\Fig. 5-9(B)Y[SMC きCKɘ͂ɨィ*â










 S<ɂb¥CJřÜCWĴ0<*ñp1oŶがJ distal fall-off イ»KSMC
きœƴ˳C̳ぶ3]\ɨィʪJœƴ`Ƈ&ƦJ͒ĎŸƛGY[±3%D%&̞÷ˍʘ+Fɨィƛ*
õ˺Ǿも\4)4̲łǡb¥JȦƌ1J distal fall-off イ»CKˈħ4<ɂ˟Øž̞J
ŸƛGY\ɨィƛWƆ'&\1]K distal fall-off イ»CK 15%/mm D%&ɨィ̶͂JĬŽ̈`ǒ
>:]K 0.2 mm J¯ʭJŸƛ* 3%Jɨィƛ`ɑU1D`²せ4B%\さŢįCKƑJɂ˟Ø
ž̞D4B 1.47 D%&ʪ`Έ%B([̲łǡb¥ʶCKž3 50 mm JƑ£o`̈ʭ
4B%\<V:Jɂ˟ØžK 73.5 mm DF\ʒ4Bカ'Lɂ˟Øž̞`ȐɆʙư¯SCƆ'









 Fig. 5-10 G̲łǡb¥ʶJ(A)SMC き, (B)FMC きJ˟ɨィ̶͂D(C):JɸʒɨィƛJ˟
ʪ̶͂`Ǘ6<=411CK̪ǗっDɀ˃FがƀGɨィ`ɘ͂4<WJ`̪Ǘ4B%\*1










oJ distal fall-off イ»CK:Jɨィƛ*ʘ+-ŭ]B%\1JY&Gɨィƛ*ŭ]\ßȉKɂ
b¥JȦƌDQDaE˩΅C$[ğóÕGΈ%\Ơʘɨィʪ*´F\1D`ƆΛ6]L
SMC きCœƴ`Ƈ?<ɨィ̶͂KFMC きCĭV<WJDɯʑD4BY-¼ʮ4B%\ 
 S<1J̲łǡb¥ʶJɨィ̶͂œƴG))?<œƴǓĎ`̞÷6\DFMC きCK
34,344 ̮Gʒ4BSMC きCK 37 ̮C$[の 928 ̉ƊʇGœƴ6\1D*Ú˿C$\ 





Fig. 5-10 (A)SMC き, (B)FMC きCœƴ4<̲łǡb¥ʶCJ˟ɨィ̶͂D 
























 âİG NCCHE C£11き`ƹΈ4BむƿɨǕァ*Ƈ_]<ưカJąǦ1}`Έ%B
xm¥pȘǤきJǕァœäv¢1v¥`Ƈ?<ǕァœäJȠƤ` Table. 6-1 GǗ6
șカ9, *˦タ̺șカșカ*̆ĝĊǃșカC$[ã0K1]ZJưșカ*%7]W̿




きJȘǤGΈ%\1Jh¡n1D4B 206 MeV, 192 MeV, 176 MeV Jưǭオ*Έ²3]B(
[ƔŶʌJh¡n1G@%BWʾɎ`Ƈ&ͿˈC$\4)4さŢįCɪ〜4<șカCK
1JưǭオJh¡n1Y[WȐ3%h¡n1*̧みC$?<<V£11きΈGΈ²
3]B%\ 150 MeV Jɂʶȵ̺ɨィ̶͂JǢʅ1}`ƹΈ4BǕァœäJœƴ`Ƈ?<¼@
JむƿɨJ1k1¡Jʂがɨィ̶͂K Gauss ̶͂C$[:J̩ȃ͊ƛ`σD6\NCCHE
J1e¥CKh¡n1JʾɎG¢¥wv}`Έ%B%\<V¢¥wv}GY\Ƴΐ
GY[:J1teyKσ* 6~15 mm D̞÷ˍʘ+%:]Gƌ_8B1ȻƇがƀJ˃
Źっ˳Gʒ6\1xJ̈ʭĎù` 12 mm D4<¼が1xJ1ȻƇ
がƀJ̈ʭĎùKƹΈ6\ȵ̺ɨィ̶͂JǢʅ1}J distal fall-off D˩ˋ˙C$\ɂ˟ØžC




4F*ZƠǵŘˈ4<șカ9, J˦タ̺șカJ OAR Gʒ4BKĒĮ(λÍB∂ = 0.03, ℎÍB∂ =0.0001)ǍŹテ(λÍB∂ = 0.07, ℎÍB∂ = 0.0004)̀ Ą(λÍB∂ = 0.07, ℎÍB∂ = 0.0009)D4<S<șカ
J̆ĝĊǃșカJ OAR Gʒ4BK̆ ((λÍB∂ = 0.03, ℎÍB∂ = 0.0001)Ȳ・(λÍB∂ = 0.07, ℎÍB∂ =0.0004)əɅ(λÍB∂ = 0.07, ℎÍB∂ = 0.0009)D4< 
 	
Table. 6-1 ǕァœäȨ͔ 
 șカ9 șカ șカ 
Ǯゼだ ̦¿˦ ȣü˫ ̆ 
CT xex͡Ɇ 87 141 80 
ȘǤどɆDȘǤがƀ 2 (0°	, 10°) 2 (0°	, 20°) 2 (0°	, 330°) 
xɆ 757 1,533 626 
PTV J voxel Ɇ 28,600 88,549 8,727 




ァœäřÜJư@JだțJˈħ` Table. 6-2 GǗ6ƽVGƠˎÕœƴGΈ%\1k1¡





1k1¡`ƹΈ4ƠǵˍFřÜW SMC きCœƴ4<WJ`5SMC きGY\Ǖァœä6D%
&だțCˈħ6\Y[œƴɒ˙JƊ%Ǖァœä`るB\<VGK1J5SMC きGY\Ǖァœ
ä6`ƹ&P+C$\1]Zư@JǕァœäřÜ`̫Ø4:J̞÷`Ƈ?<řÜJ̫Øがき
D4B˟ɨィ̶͂D Dose Volume Histogram `Έ%<Dose Volume Histogram JȠƤG@%BKǔ
ɟCǗ6 
 




PBA き PBA き PBA きGY\Ǖァœä 
PBA き SMC き SMC きGY\Ɵœƴ 
SMC き SMC き SMC きGY\Ǖァœä 
 
 SMC きGY\ɨィ̶͂JœƴřÜJɒ˙K２ɑ38\ΙƿɆGY?BˡœˍGLZ@-さ
ŢįCKPTV ˳Jɨィ̶͂JˡœŸƛ*ȇがɨィJ 0.57% rms DF\Y&Gñ1k1¡
C２ɑ6\¼ǔむƿJɆ` 106ŰD4<ǕァœäK3.7 GHz Quad-Core Intel Xeon Processor E5 J
CPU `Έ%BƇ?<£pK C Cí２4r¥eD4BIntel C compiler (Intel Parallel 
 

Studio XE 2015 Composer Edition for C++ OS X)`5ƠˎÕjv¥$[6CƹΈ4OpenMP[42]`
Έ%B͇クœƴ`Ƈ?<3ZGɨィœƴJY[ƊʇÕJ<VG12 GB Jp£1¡ `
ǒ@ Tesla K40 J GPU `Έ%CPU D GPU `Έ%< SMC きJǕァœäJœƴǓĎJ̞÷`Ƈ?
< 
 
6.2 Dose Volume Histogram 
 ǕァœäřÜJ̫ØG(%Bȵ̺ɨィ̶͂Xʂがɨィ̶͂JY&F¼ǔŨɨィ̶͂˟ɨィ͂
̶JY&F˵ǔŨɨィ̶͂J¯ʭ2DJɨィȨ͔Ķみ̲ÚŗC$\4)4PTV X OAR Kư
ǔŨƅ：`ǒ>:J<V PTV ɯʑGǕァɨィ*EJˋ˙ł¼GȘǤ3]OAR ˳Jɨィ̶͂*
々΂ɨィ`ʿ'B%F%)`ɯʑD4B̫Ø6\̧み*$\:JưǔŨˍFɨィ̶͂`ɯʑD4
B̫Ø6\がきD4BDose Volume Histogram (DVH)*$\Fig. 6-1 G DVH Jðみ`Ǘ6Fig. 
6-1(A)˳GƐɨC̪3]< PTV, ɂȭɨC̪3]< OAR Gʒ4BȿGǗ6Y&F˟ɨィ̶͂*̬
)]B%\D6\1J˵ǔŨɨィ̶͂`Έ%B DVH JœƴがきJɠͭ`Ƈ&PTV OJて̩ɨ
ィ`ȇがɨィJ 100%DˈV<ƦGFig. 6-1(A)`Ť]LͭZ)FY&GPTVOAR ĸGȿJΑȭ
イ»340%-60%Jɨィ»G$\4J˳ʂG$[:Jɯイ»G 40%­ȣJɸʒɨィ*̳ぶ3]B%\
4)460%­ȣJɸʒɨィ`̪6ɔȭイ»360%-70%Jɨィ»G$\4J˳ʂJイ»Gʒ4BK
OAR J4 5Jイ»=/*˸?B%\DVH DKďȲイ»2DG$\ɸʒɨィʪ­ȣJɨィʪ*
̳ぶ3]\ʑɘJþƌ`̪Ǘ6\ォɘxpC$[Fig. 6-1(A)Jɨィ̶͂J DVH K Fig. 6-
1(B)JǢɨJY&GF\Fig. 6-1(B)GPTV D OAR Gʒ6\よɴˍF DVH `:];]̂ɨCǗ







Fig. 6-1 DVH Jðみ 
 
 1JY&GďȲイ»2DG DVH `̪Ǘ6\1DCưǔŨɨィ̶͂)ZェȒˍGďȲJ$\
イ»Gď6\ɯʑˍFみのȨ͔`˭\1D*Ǿも\PTV Gʒ6\ DVH )Z̧みFȇがɨィ*
PTV G̳ぶ3]B%\)âʘɨィ$\%KâȐɨィJþƌKE&)FEJ４ʧ*Ú˿C$\







6.3.1  PBA きD SMC きJ1k1¡J̞÷ 
 Fig. 6-2 Gșカ9G(/\ PBA きD SMC きJ9@J1k1¡Jɨィ̶͂`Ǘ6ÒȭJ
ぬ¾KȘǤがƀ`̪4Òȭ˔Kx¯ʭC$\S<ɔɨK PTV `̪4OAR D4B̎







Fig. 6-2 șカ9G(/\(A)PBA きD(B)SMC きCœƴ4<1k1¡Jɨィ̶͂ 
ɔɨK PTV イ»̎%ÒɨK̀Ąイ»ɂȭɨKǘÔɩイ»`̪6 
 
SMC きC1JY&Fɨィ̶͂*œƴ3]\よͽG@%BFig. 6-3 `Έ%Bɠͭ6\Fig. 6-3(A)




























\ǕァœäK PTV OJて̩ɨィ`ȇがɨィJ 100%D4Bœƴ4B%\1JșカGʒ6\
5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY\Ǖァœä6J˟ɨィ̶͂`
Fig. 6-4 GǗ6ȿJñクKƚ)Z5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC き
GY\Ǖァœä6JřÜC$\̍ȭJぬ¾KȘǤがƀ`̪4(A)~(F)KñどJɨィ̶͂(G)~(I)
K˵ど`ƌƴ4<ɨィ̶͂`̪6ȿʶJƐɨK PTV `̎ %ÒɨKĒĮイ»`ɂȭɨK̀Ąイ
»`:];]̪6S<Fig. 6-5 Gșカ9J PTV D̀Ąイ»J DVH `Ǘ6ǢɨK PTV J DVH
̂ɨK̀Ąイ»J DVH C$\Fig. 6-4(G)*Ǘ6˟ɨィ̶͂D Fig. 6-5 Jɚɨ*Ǘ6 PTV J DVH




Kˆ%:]`̪4<WJ*5SMC きGY\Ɵœƴ6C$[ǢƦJʑ˳CK Fig. 6-4(H)JY&F
ɨィ̶͂`Ŏɍ4:]`６Ç4B Fig. 6-5 JウɨJY&F DVH GF\DƆ'Z]\Fig. 6-4(H)
J˟ɨィ̶͂`Ť\DPTV Jʘ̺͂G 105%­ȣJɨィ*̳ぶ3]Fig. 6-5 JウǢɨJ DVH )













 ¼がCƠˎÕGΈ%\1k1¡Jɨィ̶͂œƴ` SMC きCƇ&5SMC きGY\Ǖァœ
ä6J˟ɨィ̶͂K Fig. 6-4(I)C$\*Fig. 6-4(G)J5PBA きGY\Ǖァœä6JWJDPTV ˳









Fig. 6-4 șカ9G(/\˟ɨィ̶͂řÜ(A), (D), (G)K5PBA きGY\Ǖァœä6(B), (E), (H)K






Fig. 6-5 ư@JœƴきGY?Bœƴ4<șカ9G(/\ PTV D̀Ąイ»J DVH 
 
 șカKȣü˫*aGʒ4BąǦJɬがDƚʂG20°=/ö˙`͋'BȘǤ6\˵どȘǤ`v




ƴ6,5SMC きGY\Ǖァœä6J˟ɨィ̶͂` Fig. 6-6 GǗ6ȿʶJñクKƚ)Z5PBA き
GY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY\Ǖァœä6JřÜC$\̍ȭJぬ¾
KȘǤがƀ`̪4(A)~(F)KñどJɨィ̶͂(G)~(I)K˵ど`ƌƴ4<ɨィ̶͂`̪6ȿʶJƐ
ɨK PTV `̎%ÒɨKĒĮイ»`ɂȭɨK̀Ąイ»`:];]`̪6S<Fig. 6-7 G PTV
J DVH `Ǘ6șカ9D̞P\DșカCKĒĮ* PTV GY[ńɝ4˯GÃĒĮJ¼̺K
PTV イ»GđS]B%\1JY&FェȒカGʒ4BWFig. 6-6(G)J5PBA きGY\Ǖァœä6
Jɨィ̶͂`Ť\DPTV ˳Gł¼Gɨィ`ぶ'˩ ǓG̀ĄGʒ4Bɯ-ɨィ`̳ぶ4B%F%
4)4Fig. 6-6(H)J5SMC きGY\Ɵœƴ6Jɨィ̶͂`Ť\DPTV ˳*̲ł¼Fɨィ̶͂G
F[̀Ąイ»GʍȑJɨィ*̳ぶ3]B%\1D*õ˺Ǿも\Fig. 6-6(I)J5SMC きGY\Ǖ
ァœä6Jɨィ̶͂`Ť\DFig. 6-6(H)JWJD̞PPTV ˳Jɨィ̶͂*êɭ3]B%\1D








Į¯ʭ* PTV Gń-ĒĮOJɨィ`ˆū38\<V PTV ˳Jɨィł¼Ɍ`ĦɐG4<ƠˎÕř
ÜC$\DƆ'Z]\1JY&FșカJȦƌさŢįCƹΈ4B%\1k1¡KʂがOJ





Fig. 6-6 șカG(/\˟ɨィ̶͂řÜ(A), (D), (G)K5PBA きGY\Ǖァœä6(B), (E), (H)K










6-8 G5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY\Ǖァœä6J˟ɨィ͂
̶`Ǘ6ȿʶJñクKƚ)Z5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY
\Ǖァœä6JřÜC$\̍ȭJぬ¾KȘǤがƀ`̪4(A)~(F)KñどJɨィ̶͂(G)~(I)K˵
ど`ƌƴ4<ɨィ̶͂`̪6ȿʶJƐɨK PTV `ʴ ȭɨK̆イ»`̎ %ÒɨKȲ・イ»`
ɂȭɨKəɅイ»`:];]̪6S<Fig. 6-9 G PTV J DVH `Ǘ6Fig. 6-8(G)*̪65PBA
きGY\Ǖァœä6Jɨィ̶͂D:]GʒÐ6\ Fig. 6-9 Jɚɨ*Ǘ6 PTV J DVH `Ť\Dɢ
QEJ˦タ̺șカJřÜD˩΅G PTV ˳Cł¼Fɨィ̶͂`Ŏɍ4B%\1D*͂)\4)4
ǢƦJʑ˳CK Fig. 6-8(H)JY&Fɨィ̶͂`Ŏɍ6\DƆ'Z]:JřÜGY\D PTV J¼
̺CKɨィ*̲ʆ4Ǯゼ*ƶʊ6\Ú˿Ɍ*Ǘƙ3]\S<ňĝ`˅â6\1DCY[ȵ̺
SCˢʝ4<むƿJÆĽGY[ąǦJ̅ʶ̳ńSCɨィ*̳ぶ3]B%\5SMC きGY\Ǖァ




Fig. 6-8 șカG(/\˟ɨィ̶͂řÜ(A), (D), (G)K5PBA きGY\Ǖァœä6(B), (E), (H)K







Fig. 6-9 ư@JœƴきGY?Bœƴ4<șカG(/\ PTV J DVH  
 
 ˦タ̺șカ̆ĝĊǃșカJœưșカGʒ4BƇ?<xm¥pȘǤきJǕァœäJv










6.3.3 SMC きJǕァœäJœƴǓĎ 





<VƠW PTV *ʘ+%șカCK1k1¡JœƴGの 1.5 ǓĎ))?B%\:4B
ɨィ̶͂JƠˎÕœƴKxɆDɨィ̫Ø˔ɆJんが*:JœƴǓĎGÆĽ6\*¼̗ˍ
GxɆD̞PBɨィ̫Ø˔ɆK©˛ˍGʍ%<Vɨィ̫Ø˔Ɇ*:JżÜJʘ５`ɤV\
șカCK̆イ»G̈ʭ4<ɨィ̫Ø˔*ʍ-Table. 6-1 JǕァœäȨ͔Y[ 186,248 ˔Jɨィ̫
Ø˔`ŨGƠˎÕœƴ`Ƈ?B%\<VƠˎÕœƴJǓĎKșカ*ƠWˁ%șカKƚ̆G
 

















șカ9 2,114 34 8 2,156 0.98 
șカ 5,493 135 50 5,678 0.97 




œƴ`Ƈ&1D*ɈìˍGɘŁˍGƇ_]B%\[24][25]:1Cã0W GPU `Έ%< SMC きJǕ
ァœä`Ƈ?<Table. 6-4 G GPU `Έ%<ƦJ SMC きJǕァœäJœƴǓĎ`Ǘ6̪JÃ）
˵@KCPU`Έ%<ǓD̞PBœƴɯʑS<K1k1¡œƴ*×̉ƊʇÕ3]<)`̪6
:JřÜǕァœäɯʑCK CPU œƴǓD̞PBƠʘ 13 ̉JƊʇÕ`ʝɍ41k1¡J



















șカ9 137 24 5 166 13 ̉ 15 ̉ 
șカ 479 77 12 568 10 ̉ 11 ̉ 











7.1 Triple Gaussian GY\ɨィ̶͂œƴき 









 3.4 ɟCȀP< PBA きJɨィœƴ¡GY\D1ȻƇがƀJ$\¯ʭhG(%B&-r͆っ
C &X, rX G̶͂JʶȲ`ǒ@1k1¡`Ɔ'<Ʀ1Jっ˳J˔ &, r, h `ʶȲD6\ voxel
G̳ぶ3]\ɨィ% &, r, h K˵ǔŨ Gauss ̶͂˙=‡DɂʶCʅˈ4<ȵ̺ɨィ̶͂%%`Έ%Bǔ
ǛJY&G̪ŭ6\1D*Ǿも< % &, r, h = %% ^õáõ − ^k 	×	˙=‡ & − &X, r − rX; Ü &X, rX, h   (Eq. 7-1) 




ɨィ̶͂Jʆ4ƌ_8D6\œƴ¡`ˊ¬6\¯ ʭ &, r, h Jɨィʪ%ôââ &, r, h Jœƴ¡
` Eq. 7-2 GǗ6 %ôââ &, r, h = Œj˚õ h ∙ %j˚õ &, r, h + ŒDâô h ∙ %Dâô &, r, h + ŒõáDâô h ∙ %õáDâô &, r, h  (Eq. 7-2) 
11CŒj˚õ h , ŒDâô h , ŒõáDâô h K:];]¼ǔむƿ, ũƿôDʦɌƳΐ4<˵ǔむƿ, ũƿôDJ
̡ʦɌƳΐGY?Bɑɍ4<˵ǔà˖ΙƿJɨィOJėぶJþƌ (ǼT)C$[ȵ˙hJ͋ɆC




 1JY&Fɨィ̶͂`ƅɍ6\@Jɍ͂Jʂが̶͂` Gauss ̶͂D4Bư@J Gauss ̶͂J
ǼIƌ_8GY[ɨィ̶͂`̪ŭ6\5Triple Gaussian GY\ɨィ̶͂œƴき6(Triple Gaussian Dose 
calculation: ­Ô TGD DȚれ6\)* FMC きJœƴřÜ`EJˋ˙SCƟŭÚ˿C$\)ʾP< 




<Fig. 7-1 G FMC きCœƴ4<1ȻƇがƀG˃Ź6\っ˳Cɘ͂4<ȵ̺ɨィ̶͂Dñɨィ

































Fig. 7-1 (A)FMC きCœƴ4<1ȻƇがƀJ˃Źっ˳Cɘ͂4<ȵ̺ɨィ̶͂D 
(B):JřÜ)Zœƴ4<ñɨィƉJǼT 
 
 ǔGñɨィ̶͂ɍ͂Jʂが Gauss ̶͂Jò*[`̪6ÜJĭVがG@%Bɠͭ6\ʙ ȜJɂ
b¥˳CJ SMC きD FMC きJɨィ̶͂J̞÷Y[SMC きCKʂがɨィ̶͂Jò*[*
ʘ+%1D*͂)?<:J<VFMC きJʍǼo1£¥ƳΐGY\ʂがOJΙƿJò*[が`
Ɵŭ6\ƳΐöJœƴǛ`ĭV<Highland Jċ³Ǜ[28-30]JŎ`ŨG:J͒ɏƉ`ʾɎ6\1D
CFMC きCœƴ3]\ʍǼo1£¥ƳΐGY\1Jò*[`Ɵŭ4<Eq. 7-2 ʶJ¼ǔむ
ƿGY\ɨィƉ%j˚õJʂが Gauss ̶͂Jò*[Üj˚õ h KFMC きCœƴ3]\ʍǼo1£¥ƳΐG
Y\1Jò*[`Ɵŭ4<ǔǛJö˙̶͂Jò*[σö5ô™,∆1†	`Έ%Bœƴ`Ƈ& σö5ô™,∆1†	 = JJ.n	75j klm 1 − 0.073 logJX klm    (Eq. 7-3) 
:4BũƿôDJʦɌƳΐGY[ɑɍ3]\˵ǔΙƿGY\ɨィƉ%Dâô̡ʦɌƳΐGY[ɑɍ
3]\˵ǔΙƿGY\ɨィƉ%õáDâôJñ0Jʂが Gauss ̶͂Jò*[ÜDâô h , ÜõáDâô h KEq. 7-2 J
ɯʑJɨィ̶͂%ôââD FMC きJɨィ̶͂%ôââ,FMCJŸƛJ˵Ȥサ*ƠȐGF\Y&Gœƴ`Ƈ%
Řˈ4<œƴKɢQEˈħ4<ñɨィƉJǼTŒj˚õ, ŒDâô, ŒõáDâôD¼ǔむƿGY\ɨィƉ%j˚õJʂ
が Gauss ̶͂Jò*[Üj˚õ`Έ%Bʙ ȜCǗ4<ɂb¥˳J FMC きJœƴřÜ`Ɵŭ
6\ȵ˙2DJÜDâô, ÜõáDâôJ˵@J1}`ĭV<Fig. 7-2 GEq. 7-3 JʍǼo1£¥ƳΐG

















%\<Vp1oŶがJ distal fall-off イ»CKɏõFœƴ*Ƈ'F%:J<Vh > ^ÑXJ
イ»CKh = ^ÑXJʪ`Έ%BÜj˚õKœƴ4ÜDâô, ÜõáDâôG@%BWh = ^ÑXJǓJʪD4B%\ 
 SMC きJɨィ̶͂œƴCΙƿJm¥p`たȄF-C+\JK¼ǔむƿ=/C$\ŭƨ
J SMC きCKô６ÐJřÜɑ5\˵ǔΙƿ`m¥p6\<VĢみFȨ͔*ŗ/B%\
:1C11CK¼ǔむƿJɨィ̶͂K SMC きCœƴ4ũƿôDJʦɌƳΐ, ̡ʦɌƳΐGY
\˵ǔΙƿJɨィ̶͂KFMC きC˭Z]<ɨィ̶͂DたȄ4F%ŎC PBA き`Έ%Bœƴ`Ƈ
&1DD4<ǔG FMC きJɨィ̶͂řÜDJ̞÷`Ƈ& 
 
7.1.2 í２4<ɨィ̶͂œƴ¡D FMC きJɂb¥˳CJřÜ̞÷ 
 Triple Gaussian GY\ɨィ̶͂œƴき(TGD)GY[FMC きJɨィ̶͂`EJˋ˙Ɵŭ6\1D
*Ǿも\)ɂb¥˳CJřÜJ̞÷`Ƈ?<Fig. 7-3 Gɂb¥˳J(A)TGD, (B)FMC
きJ˟ɨィ̶͂D(C):JɸʒɨィƛJ˟ʪ̶͂`Ǘ611CK̪ǗっDɀ˃FがƀGɨィ`ɘ
͂4<WJ`̪Ǘ4B%\*11CK:]`ʠGɨィDŲN1DG6\Fig. 7-3(B)J FMC きJ
˟ɨィ̶͂Kʙ ȜGƥ8< Fig. 5-5(B)D˩΅JWJC$\Fig. 5-5(C)JǺもJ SMC きD FMC
きJɸʒɨィƛJ˟ʪ̶͂D̞÷6\DFig. 7-3(C)J˟ʪ̶͂JŤ<て)ZTGD D FMC きJ
ɸʒɨィƛKȐ3%:4B Fig. 7-3(C)Jȭ*̳%B%\イ»Jʍ-K distal fall-off イ»C$[
1Jイ»CK TGD œƴJ<VJ1}JɏõFd`Ƈ?B%F%:J<Vdistal fall-
off イ»`Ȏ%<œƴ1}Jd`Ƈ?<イ»CKFMC きJɨィ̶͂` TGD CY-
ƟŭC+\1D*͂)?<:4BFig. 5-5(C)JǺもJ SMC きD FMC きJɸʒɨィƛJ rms ʪ
K 1.0%C$?<*Fig. 7-3(C)Y[ TGD D FMC きJɸʒɨィƛJ rms ʪK 0.2%Dêɭ3]< 

Fig. 7-2 ñɨィƉJʂが Gauss ̶͂Jò*[ 
 
 
Fig. 7-3 (A)Triple Gaussian GY\ɨィ̶͂œƴき(TGD), (B)FMC きCœƴ4<ɂb¥ʶCJ
˟ɨィ̶͂D(C)TGD D FMC きJɸʒɨィƛJ˟ʪ̶͂ 
 
 Fig. 7-4 GTGD D FMC きJ˟ɨィ̶͂G(/\h = 50.5, 150.5, 259.5	mm¯ʭCJ&がƀJʂが
ɨィ̶͂`Ǘ6ɨK TGD˔K FMC きJřÜ`̪6S<ɚȭKh = 50.5	mmɔȭKh =150.5	mmウȭKo1o¯ʭC$\h = 259.5	mmJɨィ̶͂`̪6Fig. 7-4(A)`Ť\D
ñȵ˙C TGD K FMC きJɨィ̶͂`ðIY-Ɵŭ4B%\Y&GŤ'\4)4Fig. 7-4(B)J
ʒɆ̪Ǘ4<ɨィ̶͂CKɸʒɨィ* 1%­ÔJイ»CɨィJシら*ŤZ]\1JよͽG@%B
ƆƬ`Ƈ&Fig. 7-5 G FMC きCœƴřÜJ́よâˋ͉Jʂがɨィ̶͂`ʒɆ̪Ǘ4<WJ`Ǘ
6ɚ˔CǗ6¼ǔむƿJɨィ̶͂KʒɆ̪ǗC˵ǔďɆō`4B([1]KǢƦJɨィ̶͂*
Gauss ̶͂ōC$\1D`̪64)4ũƿôDJʦɌ, ̡ʦɌƳΐGY[ɑɍ3]<˵ǔΙƿ
GY\ɨィ̶͂K:];]˵ǔďɆō`4B(Z7˯ Gh = 150.5	mmCJウ˔CǗ6̡ʦɌƳΐ
GY\˵ǔΙƿJɨィ̶͂CK͋ŀ˔*ʊƨ6\1JY&F Gauss ̶͂ō`4B%F%˵ǔΙƿ





Fig. 7-4 (A)TGD D FMC きCJñȵ˙Jʂがɨィ̶͂D(B)˩5ɨィ̶͂`ʒɆ̪Ǘ4<WJ 
ɨK TGD˔K FMC きJřÜ`̪6S<ɚȭKh = 50.5	mmɔȭKh = 150.5	mmウȭK
o1o¯ʭC$\h = 259.5	mmJɨィ̶͂`̪6 
 
 
Fig. 7-5 FMC きCœƴ4<(A)h = 150.5	mm¯ʭ 
(B)p1o¯ʭ	h = 259.5	mmCJ́よâˋ͉Jʂがɨィ̶͂ 
 
 ñɨィƉJʂがɨィ̶͂` Gauss ̶͂D4B¼ǔむƿ, ũƿôDJʦɌƳΐ, ̡ʦɌƳΐGY
[ɑɍ3]<˵ǔΙƿDư@Jɨィ̶͂ɍ͂Jʆ4$_8CɯʑJɨィ̶͂`̪ŭ6\5Triple 








7.2 ũƿô６ÐJ SMC きœƴOJˎΈ 














˵ΙƿőJʦɌƳΐJð˽ȿ`Ǘ6˵@JΙƿJʦɌƳΐCKÅ˨ィsJ	 MeV M `ǒ@ǡィLJ	 MeV M= J¼ǔΙƿ 1 *ɕǆ4B%\ǡィL=J̩ˍΙƿ 2 DȞ˱4Å˨ィsV`ǒ@ǡィLJ
J˵ǔΙƿ 3 DÅ˨ィs0`ǒ@ǡィL=J˵ǔΙƿ 4 G͋Õ6\¡C$\:4B¼ǔΙƿ
J˸ǤがƀDȞ˱ŶGɑɍ3]<˵ǔΙƿJȻƇがƀ*F6ö˙`:];]ΘV, Θ0[rad]D6\ɂ
ɱũƿôDJʦɌƳΐKƆ'\P+Ιƿ*ɯBむƿC$\<VLJ = L= = 938.272	 MeV/M2 C$
\S<Ȟ˱ɬJ˵ΙƿőJƻŨÅ˨ィJƌœKs˛ = sX, sJ, s=, sV = )J M + L=M, 0, 0, 	sJ D
̪3])JK¼ǔΙƿ 1 *ǒ@ɯh¡n1C$[)J = LJM= = + sJM =C$\ƻŨÅ˨ィ
Jƌœs˛Y[むƿJʇ˙NDȷňʶJźʇMJ̞<K­ÔJY&Gœƴ3]<DJď｣ǛY[£
1¢¥ÀƿˇWǔJY&GȊ-1D*Ǿも\ < = !jm = jy5,yπ,m,Ô     (Eq. 7-4) 
ˇ = JJK76 = ,yπ,m,Ô=,m,Ô     (Eq. 7-5) 
11CむƿJɕǆh¡n1)X,j = LJM= = L=M= = 938.272	 MeV C$\:4BFig. 7-6(B)G
ǢŧǟőCJ˵ΙƿőJʦɌƳΐJ¡`ǼȲőCƆ'<ȦƌJð˽ȿ`Ǘ6ǼȲőCK˩
¼ΙƿJȦƌĨがƀG˩5ʘ+3Jʇ˙N 2`ǒ?<¼ǔΙƿ 1 D̩ˍΙƿ 2 JȞ˱D4BƆ'
\1D*Ǿも\ǼȲőCJ¼ǔΙƿ 1 JȻƇがƀDȞ˱ŶGɑɍ3]\˵ǔΙƿ 3 JȻƇがƀ*
F6ö˙`Θ∗D6\11CǼȲőCJ¼ǔΙƿ 1 JƻŨÅ˨ィsJ∗˛ = )J∗ M , 0, 0, sJ∗ KǢŧǟ
 	
őJÅ˨ィsJ˛ = )J M , 0, 0, sJ `Έ%\1DC̪61D*C+)J∗, sJ∗K­ÔJ˅[C$\ )J∗ = ˇ )J − <sJM      (Eq. 7-6) sJ∗ = 	ˇ sJ − < ,y5      (Eq. 7-7) 
˩΅GǼȲőG(%B̩ˍΙƿ 2 *ǒ@ƻŨÅ˨ィs=∗˛ = )=∗ M , 0, 0, s=∗ G@%BW­ÔJY&G
ĠȀǾも\ )=∗ = ˇ)X,j     (Eq. 7-8) s=∗ = −ˇ< ,m,Ô5      (Eq. 7-9) 
:4BsJ∗ = −s=∗C$[ʦɌƳΐC$\)ZɯBJΙƿJÅ˨ィJʘ+3*˟4-!J∗ = !=∗ =!V∗ = !0∗ C$\ 
 
 








ˈ6\1D*Ǿも\Å˨ィo¡!V∗Jɍ͂sV,.∗ , sV,µ∗ , sV,k∗ K­ÔJY&GȊ-1D*Ǿも




Fig. 7-7 ňĎöDǤÆöJˈħ 
 

tan iV,.∗ = jz,#∗jz,$∗ = %&'(∗ %&')∗*+%(∗ = tan Θ∗ sinΦ∗  (Eq. 7-13) 
tan iV,µ∗ = jz,∗jz,$∗ = %&'(∗ *+%)∗*+%(∗ = tan Θ∗ cosΦ∗  (Eq. 7-14) 
˩΅GÅ˨ィo¡!0∗Jɍ͂G@%B­ÔJY&GȊ-1D*Ǿも\ s0,.∗ = − !0∗ sin Θ∗ sinΦ∗    (Eq. 7-15) s0,µ∗ = − !0∗ sin Θ∗ cosΦ∗    (Eq. 7-16) s0,k∗ = − !0∗ cos Θ∗     (Eq. 7-17) 
:4BǢŧǟőJÅ˨ィo¡!V,!0KǼȲőJÅ˨ィo¡!V∗ ,!0∗Jɍ͂`Έ%B­ÔJ
Y&GĠȀǾも\ sV,. = sV,.∗ = ˇ sJ − < ,y5 sin Θ∗ sinΦ∗    (Eq. 7-18) sV,µ = sV,µ∗ = ˇ sJ − < ,y5 sin Θ∗ cosΦ∗    (Eq. 7-19) sV,k = ˇ sV,k∗ + < ,y∗5 = ˇ= < ,y5 1 − cos Θ∗ + sJ cos Θ∗ − <=  (Eq. 7-20) s0,. = s0,.∗ = −ˇ< ,m,Ô5 sin Θ∗ sinΦ∗    (Eq. 7-21) s0,µ = s0,µ∗ = −ˇ< ,m,Ô5 sin Θ∗ cosΦ∗    (Eq. 7-22) s0,k = ˇ s0,k∗ + < ,6∗5 = ˇ=< ,m,Ô5 1 − cos Θ∗    (Eq. 7-23) 
Y?BǢŧǟőJÅ˨ィo¡!V,!0JǤÆöiV,., iV,µ, i0,., i0,µK:];]­ÔJY&Gœƴ6
\1D*Ǿも\ tan iV,. = jz,#jz,$ = %&'(∗ %&')∗- *+%(∗π7 Jπ -7 .6    (Eq. 7-24) 
tan iV,µ = jz,jz,$ = %&'(∗ *+%)∗- *+%(∗π7 Jπ -7 .6    (Eq. 7-25) 
tan i0,. = j/,#j/,$ = K %&'(∗ %&')∗- JK*+%(∗     (Eq. 7-26) 
tan i0,µ = j/,j/,$ = K %&'(∗ *+%)∗- JK*+%(∗     (Eq. 7-27) 
ƳΐKが¯öΦ∗GYZ7¼΅GĢ1\<VΦ∗JʪK 0, 2@ J¼΅ΐɆCĭV\¼ǔむƿJÅ˨
ィsJXh¡n1)JK͂)?B%\<VǢŧǟőCJ˵ǔΙƿJÅ˨ィo¡!V,!0Jñɍ͂
XǤÆöiV,., iV,µ, i0,., i0,µKŁöΘ∗*ŘS\1DC¼²ˍGŘS\ 
 ǔGŁöΘ∗JŘˈがきG@%Bɠͭ`Ƈ&ǼȲőG(%B˸ Ǥ¼ǔΙƿ 1 JƻŨÅ˨ィsJ∗˛ =)J∗ M , 0, 0, sJ∗ ˵ǔΙƿ 3 JƻŨÅ˨ィsV∗˛ = )J∗ M , sJ∗ sin Θ∗ sinΦ∗ , sJ∗ sin Θ∗ cosΦ∗ , sJ∗ cos Θ∗ C
$\<VƻŨÅ˨ィµƇ−ú=K­ÔJY&GĭVZ]\ −ú= = sJ∗˛ − sV∗˛ sJ˛∗ − sV˛∗           
 
= − −sJ∗ sin Θ∗ sinΦ∗ =— −sJ∗ sin Θ∗ cosΦ∗ = − sJ∗ − sJ∗ cos Θ∗ =  = −2sJ∗= 1 − cos Θ∗       = −4sJ∗= sin= (∗=      (Eq. 7-28) 
S<̤͂Ƴΐʧっɘ%Ü %Ω∗K­ÔJY&GĭV\1D*Ǿも\ 
+í+2∗ = jy∗63 +í+ K™6      (Eq. 7-29) 
:4B%Ü % −ú= K̈́š[43]G(%B­ÔJǛCˈǛÕ3]B%\ 
+í+ K™6 = exp −4ú? + Mú?=     (Eq. 7-30) 
11Cú? = −ú= `̪4B([4 = 10	 GeV M K= , M = 2	 GeV M K0 C$\ 
 Eq. 7-30 Jォɘõりそ˙ďɆō„ ú? `Ɔ'\Eq. 7-30 ` 0, 4sJ∗= Cɘ͂`Ƈ?<řÜC$\„max
K­ÔJǛCぶ'Z]\ 
„max = exp −4ú? + Mú?= %ú?0jy∗6X = D.66/ï 3 erfi 66 ï πerfi .678ïÔy∗66 ï= 5  (Eq. 7-31) 
11Cerfi 9 K9`ÁɆD4<ĵɆŸƛďɆ`̪4erfi 9 = erf √9 √Cˈħ3]\(erf 9 : Ÿƛ
ďɆ):4Berfi 9 K­ÔJǛCĭV\1D*Ǿも\ erfi 9 = =3 exp ∞= %∞àX     (Eq. 7-32) 
:J<Vォɘõりそ˙ďɆ„ ú? K­ÔJǛCˈħ6\1D*Ǿも\ 
„ ú? = J‰max exp −4∞ + M∞= %∞™2X    (Eq. 7-33) 
Eq. 7-33 CK„ 0 = 0, „ 4sJ∗= = 1DF\Y?B¼΅ΐɆ` 0, 1 Cɑɍ6\1DCú?Jʪ*Ř
ˈ3]\ú?*ŘS\DEq. 7-28 GY[ŁöΘ∗`¼²ˍGŘV\1D*Ǿも\ 
 ƠŶGEJY&FȦȉC¼ǔむƿDɂɱũƿôDJô６Ð`Ģ138\)G@%Bɠͭ6\
˸Ǥ4<¼ǔむƿ*、Ƈķらh	 g cm2 ˅âŶǴǡũƿôDô６Ð`Ģ13F%ΙƿJþƌ*Ũ
J×þGF\)`̪6Ǜø h K­ÔJY&Gˈħ3]\ ø h = ] ∙ exp −:áà5 ∙ h     (Eq. 7-34) 
11C]KˈɆC$\1]` 0, h Cɘ͂4<˙ h K ˙ h = ø ∞ %∞kX = B;ìîï 1 − "K;ìîï∙k    (Eq. 7-35) ˙ ∞ = 1C$\<V] = :áà5DF\:J<V9 = ˙ h D(-D h = − J;ìîï log 1 − 9     (Eq. 7-36) 
DœƴǾも\:áà5 cm2 g JʪD4BさŢįCKゴ̈́[17]CΈ%B%\Ǜ)ZŘˈ4:JǛ`
­ÔGǗ6 :áà5 = 0.315 ∙ =jKJ.J=g + 3.78×10Kg ∙ =j  (Eq. 7-37) 
 	
=jK¼ǔむƿJÅ˨h¡n1[MeV]C$[ñœƴx2DG¼ǔむƿJÅ˨h¡n1)
Z:áà5Jʪ`ĭV\:4B9? = 1 − 9D6\D9?`¼΅ΐɆ 0, 1 Cɑɍ6\1DCEq. 7-
36 Y[:JxCJh`Řˈ6\1D*Ǿも\1JhD:Jœƴ voxel Jɂ˟Øžˁ3hWEL`
̞Ph ≤ hWELJȦƌGů[¼ǔむƿDɂɱũƿôDJʦɌƳΐJœƴ`Ƈ&1DD4< 
 SDV\D$\œƴxCh ≤ hWEL`ず<4<Ȧƌ¼ǔむƿJÅ˨ィ)Z˵@J˵ǔむ
ƿJÅ˨ィDƳΐJǤÆö`ĭV˵ ǔむƿK¼ǔむƿD˩΅JœƴGʍǼo1£¥Ƴΐ`ǯ/B
̢ˋ*F-F\SCœƴ`Ƈ&D%&c¡s y`ǺもJ SMC きGǢɻ4< 
 















Fig. 7-8 ¼ǔむƿDɂɱũƿôDJʦɌƳΐGY[¼ǔむƿ*ūȑ4B%-΅ƿ 
 
 	 
 Fig. 7-9 GさŢįCí２4<5ȴ<F SMC き6J́よâˋ͉Jȵ̺ɘ͂ɨィ̶͂`Ǘ6ɔ˔K
¼ǔむƿDɂɱũƿôDJʦɌƳΐJřÜɑ5<˵ǔむƿ`ƌ_8<ɯʑJɘ͂ɨィ̶͂Ǌ˔K
¼ǔむƿJɘ͂ɨィ̶͂Αȭ˔K˵ǔむƿJɘ͂ɨィ̶͂`̪6:4BɯʑJɘ͂ɨィ̶͂J

















ôDɏっȞ˱4BŶがƳΐ3ǼȲőJƳΐöΘ∗ = 180°, ǢŧǟőJƳΐöΘV = 90°44<ƦGK
̩ˍJɂɱũƿôGɯBJh¡n1*µƇ4¼ǔむƿKˇǆ6\1JȦƌWɯʑˍGŤ\
D¼ǔむƿD˩5h¡n1`ǒ@˵ǔむƿ*ɬがGかǾ3]\Fig. 7-11 GǢŧǟőJŁöΘV˞
<[Jõり`Ǘ6ƠWõり*Ɗ%ΘV = 20°KFig. 7-10 Y[:J˵ǔむƿJh¡n1Jþƌ




ʒ4BƵɱũƿôJ%Ü % −ú= `ɂɱũƿôD˩5ďɆJ Eq. 7-30 DÖˈ4<ȦƌJǢŧǟőJ
ŁöΘV˞<[Jõり* Fig. 7-11 JスɨC̪4<WJC$\*ΘV = 20°¯ʭ`ʶȲGむƿDɂɱũ








Fig. 7-10 ǢŧǟőJŁöΘVGY\˵ǔむƿJÅ˨h¡n1J͋Õ 
 
 
Fig. 7-11 ǢŧǟőJŁöΘV˞<[Jõり 
 	
 Fig. 7-12 Gh = 100.5	mmDp1o¯ʭh = 259.5	mmJ&がƀJʂがɨィ̶͂`5ȴ<F
SMC き6Cœƴ4<řÜ`Ǘ611CKrがƀGɨィ`ɘ͂4<WJ`ɸʒɨィʪD4B̪Ǘ4
B%\ɔ˔KɯʑJɨィ̶͂Ǌ˔K¼ǔむƿJɨィ̶͂Αȭ˔K˵ǔむƿJɨィ̶͂`̪6
:4BɯʑJɨィ̶͂J1o¯ʭh = 259.5	 mm J1oɨィ` 100%GğóÕ4B%\Fig. 7-
12(C)Y[pk1J proximal ʂC˵ǔむƿ*ɯʑJɨィ̶͂Jɇイ»Gėぶ6\΅ƿ*˰
Tǫ]\¼がFig. 7-12(D)CK˵ǔむƿJʂがɨィ̶͂WQR Gauss ̶͂ōC$[:J̽W¼
ǔむƿJ̽G̞PBʘ+-F%1]Kɇイ»Gėぶ6\ʘö˙Ƴΐ4<˵ǔむƿK:J path 
length *ˁ-o1o¯ʭGˢʝ4F%<VDƆ'Z]\1&4B Fig. 7-12(D)CKɯʑ
Jɨィ̶͂JŎȪK¼ǔむƿJƪ\ɨィ̶͂D˩΅G Gauss ̶͂ōC$\ 
 
 
Fig. 7-12 (A)h = 100.5	mm, (B)1o¯ʭh = 259.5	mmJʂがɨィ̶͂(C), (D)K:]Z`ʒɆ̪
Ǘ4<WJC$\ 
 
 5ȴ<F SMC き6JœƴG))\ǓĎ`ʾP<1k1¡Jɨィ̶͂œƴK5ƠˎÕj
v¥$[6C£p`r¥e¡43.06 GHz Intel Core i3 J CPU C OpenMP[42]`Έ%B
͇クœƴ`Ƈ?<1Jɂb¥ʶJɨィ̶͂œƴǓĎ`̞÷6\D5ȴ<F SMC き6CK
 	
19.8 ̮C$?<ǺもJ SMC きCK˩΅Jœƴ* 15.2 ̮C$?<<VɂɱũƿôDJʦɌƳΐ
Jœƴ`đVBWǺもDʘƛF-œƴ`Ƈ&1D*Ú˿C$\ 
 さŢįCKɂɱũƿôDJʦɌƳΐGY\˵ǔΙƿJœƴ`ǺもJ SMC きc¡s yGǢ










































 ã0KƊʇGƊɒ˙Fɨィ̶͂œƴ*Ú˿C$\DĚʔ3]\ SMC き`xm¥pȘǤき
GˎΈ4<ȴ<FǕァœäき`í２4:Jœƴɒ˙XェȒCJǢΈɌJ̫Ø`Ƈ?< 
 
8.1 SMC きJɨィ̶͂Jɒ˙Šȟ 








p1oJǬɬJイ»CK SMC きKɨィ`âȐGŤɘW\1D*õ˺3]< 







D FMC きJɨィ̶͂KɯʑD4BY-¼ʮ4< 






 ェȒĈĹC SMC き`ƹΈ6\1DJば¯Ɍ`õ)V\<VむƿɨǕァœäC¼̗ˍGƹΈ3
]B%\ PBA きDã0*ȴ<Gˊ¬6\ SMC き`Έ%<ɨィ̶͂Jœƴɒ˙J̞÷`Ƈ?<ʑ
˳̲ł¼Jʘ+F˦タ̺șカD̆ĝĊǃșカC:J̞÷`Ƈ%んǦJɨィ̶͂Gʘ+Fƛ´*
ŤZ]<:4B1JY&FșカCKǺもJ PBA きJǕァœäKǢƦGK PTV ˳Gʘ+Fɨィ
J̲ł¼`ɑ538OAR Gʒ4BWɏõFɨィͿʅ*Ƈ'F%<VͿĚ8HかǤɨȢïJ 














8.3.1 Triple Gaussian GY\ɨィ̶͂œƴき 
 ǺもSCJ¼ǔむƿJɨィ̶͂ɍ͂JʌGũƿôDʦɌƳΐ3]<˵ǔむƿDũƿôD̡ʦɌ
ƳΐGY?Bɑɍ4<˵ǔà˖ΙƿJɨィ̶͂ɍ͂`Ù'ư@Jɍ͂`:];] Gauss ̶͂DÖ
ˈ4BǼIƌ8\1DCɯʑJɨィ̶͂`̪ŭ6\ Triple Gaussian GY\ɨィœƴき (­ÔTGD)
* FMC きJœƴřÜ`EJˋ˙SCƟŭ6\)ɂb¥˳Jɨィ̶͂JʾƜ`Ƈ?< 
 ǺもJ SMC きD FMC きJɸʒɨィƛJ rms ʪK 1.0%C$?<*TGD D FMC きJɸʒɨィ
ƛJ rms ʪK 0.2%C$[FMC きJɨィ̶͂`Y-ƟŭǾも\1D*͂)?< 









8.3.2 ɂɱũƿôDʦɌƳΐ4<˵ǔむƿJœƴJ SMC きOJˎΈ 
 ǺもJ SMC きJc¡s yʶGũƿô６ÐJœƴ£zx`ɲTƒU1DC̲łǡ̊ǡʶC
Ɗɒ˙Jœƴ*Ƈ'\DƆ'¼ǔむƿDɂɱũƿôDJʦɌƳΐJ¡` SMC きGǫ[˸]
:JœƴřÜJ̫Ø`Ƈ?< 


























































がGKʘ͋Ćǧ4B([S6˵ ̱ˏơ ǈキづへǔΰ ǈÈセŻえ ǈɢ̇がJÓサF̓±ĝ
CŢįǟG%\1D*ʘ͋û4-ǸǢ4<WJGF[S4<ʘ͋(ɈザGF[S4< 
 
 ŢįǟJ˩ĚC$\Ýƌわ¼ ǈ˕あåġ ǈGKŢįÿ˨`ƽV΅0F1DC(Σ˒'`4
B˂+S4<S<Ŷ̇C$\ʞʬĐを ǈIsrat Jahan Ȍƺ®ˣƺˏ ǈ˚ı˲¼ ǈȖº
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